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Las estrellas de masas moderadamente altas (entre ∼ 10 y ∼ 40M) se caracterizan por sus altas
temperaturas (hasta 30000 K) y luminosidades (desde 104.0 - 104.5 L hasta ∼ 105.8 L). Cuando
estas estrellas salen de la secuencia principal, evolucionan ra´pidamente hacia temperaturas un
orden de magnitud ma´s bajas. Este cambio ocurre a luminosidad aproximadamente constante,
por lo que el descenso en temperatura de estas estrellas se ve compensado, siguiendo la relacio´n
L ∝ R2T 4, por un espectacular incremento de su taman˜o. As´ı, son las estrellas ma´s grandes de
las que se tiene constancia, con radios que van desde varios cientos de radios solares (R) hasta
el caso extremo de UY Scuti, la estrella ma´s grande conocida hasta la fecha, con un radio de
1700 R. De ah´ı, por tanto, que se las denomine “supergigantes fr´ıas”.
Cuando se analiza el espectro electromagne´tico de las supergigantes fr´ıas, e´stas presentan
tipos espectrales tard´ıos. T´ıpicamente son estrellas de tipos K y M (a las que en conjunto
se denomina como supergigantes rojas), pero tambie´n hay estrellas G (denominadas supergi-
gantes amarillas). Los estudios realizados sobre este tema muestran que cuando se considera
una muestra de supergigantes rojas de una galaxia en particular, sus tipos espectrales esta´n
distribuidos alrededor de un tipo espectral t´ıpico. Dicha distribucio´n depende de la metalicidad
de la galaxia cuya poblacio´n se estudie. A menores metalicidades, los tipos espectrales t´ıpicos
son ma´s tempranos que cuando se estudian poblaciones de mayor metalicidad.
El tipo espectral habitualmente esta´ correlacionado con la temperatura efectiva. A la relacio´n
de estos te´rminos, que var´ıa para diferentes tipos de estrellas, se la denomina “escala de temper-
atura”. En el caso de las supergigantes fr´ıas, se han propuesto diferentes escalas de temperatura
desde los an˜os 70, a medida que nuevos modelos de atmo´sferas estelares y observaciones de
muestras estad´ısticamente ma´s significativas lo han permitido. Resultados recientes han puesto
de manifiesto algunos problemas y limitaciones de los me´todos empleados anteriormente para
calcular las escalas, proponiendo un nuevo me´todo. Sin embargo, e´ste arroja un resultado ines-
perado: pese a la diferencia en los tipos espectrales t´ıpicos de las supergigantes fr´ıas en diferentes
galaxias, las temperaturas efectivas calculadas para ellas parecen cubrir el mismo rango en todas
las galaxias, sin importar sus metalicidades. Estos nuevos resultados han puesto en duda que
el tipo espectral este´ determinado principalmente por la temperatura efectiva en el caso de las
supergigantes fr´ıas. En cambio, proponen que depende principalmente de la luminosidad de la
estrella, ya que existen indicios de que las estrellas ma´s luminosas son tambie´n las ma´s tard´ıas
y, adema´s, las que mayor pe´rdida de masa presentan.
Las supergigantes fr´ıas son objetos de gran intere´s por varias razones. En primer lugar,
debido a que el 80% de las estrellas de alta masa pasan por esta fase en algu´n momento de su
evolucio´n, las supergigantes fr´ıas desempen˜an un papel cr´ıtico en la calibracio´n de los modelos
de evolucio´n de estrellas masivas. Sin embargo, los recientes resultados sobre la temperatura
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8efectiva de las supergigantes fr´ıas chocan con las predicciones hechas por los modelos, ya que
e´stos sugieren que la temperatura que llegan a alcanzar las supergigantes fr´ıas en su evolucio´n
es menor, cuanto mayor sea la metalicidad. En segundo lugar, debido a su juventud, son
consideradas como trazadores de formacio´n estelar. Ahora bien, gracias a que su pico de emisio´n
se encuentra en el extremo rojo del o´ptico o en el infrarrojo cercano, y a su alta luminosidad,
estas estrellas son observables incluso en condiciones de alta extincio´n interestelar. Por tanto,
son herramientas de gran utilidad para estudiar la formacio´n estelar reciente en el interior de
nuestra galaxia y, por tanto, para conocer la estructura gala´ctica. Por u´ltimo, trabajos recientes
han demostrado que el ana´lisis espectral a baja resolucio´n de la banda J de estas estrellas
permite caracterizar los para´metros f´ısicos de las supergigantes fr´ıas de forma fiable, incluyendo
su metalicidad. Gracias a la alta luminosidad de estas estrellas y que la banda J esta´ cerca de
su pico de emisio´n electromagne´tico, este me´todo puede emplearse para estudiar la metalicidad
en otras galaxias o en el interior de la Vı´a La´ctea.
Lo expuesto anteriormente pone de manifiesto el intere´s de las supergigantes fr´ıas, pero antes
de poder usar estas estrellas para tales objetivos cient´ıficos, deben ser localizadas e identificadas
correctamente. Aunque desde un punto de vista teo´rico se puede establecer una separacio´n
clara entre las supergigantes fr´ıas y otras estrellas de tipo tard´ıo, observacionalmente no es
una tarea sencilla. En te´rminos fotome´tricos, las supergigantes fr´ıas se diferencian poco o nada
de otras estrellas luminosas con tipos espectrales tard´ıos, tales como las gigantes de la rama
asinto´tica. De hecho, los criterios fotome´tricos solo permiten hacer una seleccio´n de candidatas a
supergigantes fr´ıas, pero para confirmar la naturaleza de tales objetos es necesaria al observacio´n
espectrosco´pica. Estas estrellas esta´n bien caracterizadas en el rango o´ptico, y su clasificacio´n,
salvo en el caso de las M intermedias o tard´ıas, es fa´cil.
Ahora bien, estas estrellas son ma´s accesibles en la regio´n del infrarrojo cercano, tanto porque
el efecto de la extincio´n es mucho menor que en el o´ptico, como porque sus picos de emisio´n
esta´n en esta regio´n espectral. En concreto, para este trabajo nos referimos a la regio´n alrede-
dor del triplete infrarrojo del Calcio, ya que esta´ libre de bandas de absorcio´n atmosfe´rica y
presenta gran cantidad de caracter´ısticas espectrales muy u´tiles para la clasificacio´n espectral.
Por desgracia, en los estudios sobre esta regio´n del espectro se ha prestado muy poca atencio´n
a las supergigantes fr´ıas, principalmente porque son estrellas escasas, y entre ellas hay muy
pocas esta´ndares fiables, ya que estas estrellas tienden a presentar con frecuencia variabilidad
espectral. Adema´s, las bandas de absorcio´n del o´xido de titanio (TiO) aparecen en esta regio´n
en M1, y son mayores cuanto ma´s tard´ıa es la estrella. Por desgracia, estas bandas erosionan
el continuo y borran las caracter´ısticas espectrales u´tiles para la clasificacio´n en clase de lumi-
nosidad. Esto introduce un factor extra de dificultad a la hora de identificar a las supergigantes
fr´ıas y separarlas de otras estrellas tard´ıas.
El objetivo original del presente trabajo era el ana´lisis de una extensa muestra de candi-
datas a supergigantes fr´ıas en el interior de la Vı´a La´ctea. Dicha muestra fue observada espec-
trosco´picamente (en la regio´n del triplete infrarrojo del Calcio) para identificar a las supergi-
gantes fr´ıas presentes en ella, estudiar sus tipos espectrales y su distribucio´n espacial, buscando
cu´mulos masivos abiertos previamente desconocidos. Debido a la gran cantidad de objetos ob-
servados (casi 3000 estrellas), el primer paso fue el desarrollo de un me´todo automa´tico que,
mediante el ana´lisis las principales caracter´ısticas espectrales, identificara a las supergigantes
fr´ıas presentes en la muestra, separa´ndolas de otras estrellas. Para este fin, decidimos observar
espectrosco´picamente una muestra estad´ısticamente significativa de supergigantes fr´ıas en las
dos Nubes de Magallanes (la Gran Nube de Magallanes y la Pequen˜a Nube de Magallanes).
Gracias a la baja extincio´n que afecta a estos objetos, pudieron ser observados tanto en el rango
o´ptico como en del triplete de Calcio de forma simulta´nea. El primero se uso´ para identificar y
9clasificar las supergigantes fr´ıas, mientras que en el segundo se realizaron de forma sistema´tica
medidas de sus principales caracter´ısticas espectrales. Mediante la relacio´n de estas dos infor-
maciones, desarrollamos un me´todo de identificacio´n en el rango del triplete de Calcio infrarrojo.
Ahora bien, la extensa muestra observada en ambas Nubes de Magallanes nos permitio´ tambie´n
realizar un estudio estad´ıstico de las propiedades poblacionales de las supergigantes fr´ıas en
dichas galaxias. Los resultados obtenidos fueron inesperados y nos han permitido realizar un
ana´lisis cr´ıtico de las escalas de temperatura propuestas, as´ı como plantear nuevas perspectivas
en la evolucio´n de las supergigantes fr´ıas.
Resultados obtenidos
Para este trabajo se observaron grandes muestras de estrellas mediante dos instrumentos, el es-
pectro´grafo multiobjeto AAOmega (Telescopio Anglo-Australiano) y el espectro´grafo de rendija
larga IDS (Telescopio Isaac Newton del Observatorio Roque de los Muchachos). Con el primero
se obtuvieron muestras de ambas Nubes de Magallanes, as´ı como de una extensa zona del plano
gala´ctico, correspondiente a la direccio´n tangente al brazo de Scutum. Dichas observaciones
fueron realizadas a lo largo de varios an˜os, por lo que algunas estrellas fueron observadas en ma´s
de una ocasio´n. Con el segundo se observaron una serie de estrellas esta´ndares de la Vı´a La´ctea,
as´ı como una muestra de estrellas del brazo de Perseus.
Se midieron sistema´ticamente las anchuras equivalentes de las principales l´ıneas ato´micas en
la regio´n espectral del triplete infrarrojo de Calcio, as´ı como las profundidades de las cabezas
de bandas de TiO ma´s prominentes, en todas las estrellas de nuestras muestras. Esas mismas
caracter´ısticas espectrales fueron medidas tambie´n en espectros sinte´ticos, generados a partir de
modelos de atmo´sferas estelares MARCS y KURUCZ, para conocer cua´l es la dependencia de
dichas l´ıneas en los modelos con la gravedad superficial y la temperatura efectiva.
Sobre las propiedades f´ısicas de las supergigantes fr´ıas a partir de su estudio
poblacional
Los objetos de las Nubes de Magallanes fueron clasificados uno a uno, usando sus espectros en
el rango o´ptico, asigna´ndoles tipo espectral y clase de luminosidad. De dicha clasificacio´n se
obtuvo la distribucio´n de tipos espectrales para estas galaxias y, compara´ndolas con estudios
anteriores, se encontraron dos diferencias significativas. La primera es que la distribucio´n para las
supergigantes de la Pequen˜a Nube de Magallanes esta´ centrada en un subtipo significativamente
ma´s temprano de lo que se cre´ıa anteriormente. Este resultado se debe a que en trabajos
anteriores se consideraron solo a las supergigantes K y M, haciendo extensiva a esa galaxia el
comportamiento t´ıpico de las poblaciones de supergigantes de la Vı´a La´ctea. Sin embargo, en
nuestro estudio se han considerado tambie´n las supergigantes G. Al incluirlas en la distribucio´n
de tipos espectrales, puede verse que estas estrellas G tienen un comportamiento completamente
coherente con el resto de la poblacio´n, indicando que estas estrellas, pese a no ser K o M, son
producto del mismo feno´meno.
La segunda diferencia es en la distribucio´n de tipos espectrales de la Gran Nube de Magal-
lanes, que presenta una forma bimodal, con un mı´nimo ubicado en las estrellas M0 y M1. Ma´s
au´n, al analizar la distribucio´n de diferentes subclases de luminosidad segu´n el tipo espectral,
encontramos que la bimodalidad se deb´ıa a la superposicio´n de dos distribuciones monomodales.
Una, la de tipos espectrales ma´s tard´ıos, esta´ completamente dominada por las supergigantes
ma´s luminosas (Ia), mientras que la otra, de tipos ma´s tempranos, esta´ compuesta por supergi-
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gantes de luminosidad intermedia (Iab). Este comportamiento no ha sido descrito antes para
ninguna otra poblacio´n de supergigantes fr´ıas e inicialmente se considero´ la posibilidad de que
fuera producto de un error sistema´tico en la clasificacio´n. Para evaluar esta posibilidad se estudio´
el comportamiento de l´ıneas ato´micas cuya anchura equivalente esta´ fuertemente correlacionada
con el tipo espectral. Al encontrar tambie´n la bimodalidad en la distribucio´n de los valores de
dichas l´ıneas, confirmamos que no se trataba de un error sistema´tico. Tambie´n se estudio´ la
posibilidad de que se tratara de un problema de seleccio´n debido a los criterios fotome´tricos,
pero un ana´lisis de los colores t´ıpicos de estas estrellas descarto´ ra´pidamente esta posibilidad, ya
que el sesgo fotome´trico se dar´ıa hacia uno u otro extremo de la distribucio´n, no en su centro,
provocando as´ı la apariencia de bimodalidad. De ah´ı concluimos que no se trata de un efecto
artificial consecuencia de nuestros procedimientos.
Gracias a que se conoce la distancia a ambas Nubes de Magallanes, y a la baja extincio´n
su direccio´n, se pudieron calcular las magnitudes bolome´tricas de las supergigantes fr´ıas en
estas galaxias. Se empleo´ para ello fotometr´ıa infrarroja 2MASS, y calibraciones espec´ıficas
para supergigantes fr´ıas extra´ıdas de la literatura. Se estudio´ la relacio´n entre las magnitudes
bolome´tricas y los tipos espectrales en ambas muestras, obtenie´ndose una clara correlacio´n entre
ambos te´rminos: las estrellas ma´s tard´ıas tienden a ser tambie´n las ma´s luminosas. De esta forma
se confirmo´ algo que se sospechaba en la literatura, pero que no hab´ıa sido corroborado para
una muestra estad´ısticamente significativa.
Se analizo´ el comportamiento de las principales l´ıneas ato´micas en la regio´n del triplete
infrarrojo de Calcio, agrupadas por especies qu´ımicas, de las muestras de supergigantes fr´ıas
de ambas Nubes de Magallanes. Se estudio´ entonces la correlacio´n entre estas medidas y los
tipos espectrales y magnitudes bolome´tricas de esas estrellas. Los resultados indican una fuerte
correlacio´n entre el tipo espectral y las anchuras equivalentes de las l´ıneas de Ti i. Las l´ıneas de
Fe i tambie´n presentaban una correlacio´n significativa, pero ma´s de´bil, mientras que las l´ıneas
de Ca ii (correspondientes al triplete infrarrojo de Calcio) presentaban una correlacio´n muy
de´bil. Tambie´n se calcularon las correlaciones entre estas l´ıneas, y las magnitudes bolome´tricas
de la muestra. En este caso fueron las l´ıneas de Fe i las que presentaron una correlacio´n ma´s
clara, mientras que las de Ti i ten´ıan la correlacio´n ma´s de´bil. Finalmente, haciendo uso de los
espectros tomados a supergigantes fr´ıas en diferentes an˜os, se estudio´ la variabilidad espectral y
su relacio´n con el cambio de las l´ıneas de Ti i, Fe i y Ca ii. Se obtuvo una correlacio´n clara entre
los cambios de tipo espectral y las variaciones medidas en las anchuras equivalentes de Ti i. En
cambio, no se encontro´ correlacio´n alguna con los cambios medidos en las l´ıneas de Fe i y Ca ii.
Se uso´ el color infrarrojo K−W3 (banda K de 2MASS y banda W3 de WISE) para estudiar
la tasa de pe´rdida de masa entre las supergigantes fr´ıas, ya que este color es sensible a la presencia
de envolturas fr´ıas producto de eyecciones de masa. Se confirmo´ que las supergigantes fr´ıas de la
Gran Nube de Magallanes tienen tasas de pe´rdida de masa mayores que las de la Pequen˜a Nube
de Magallanes. Adema´s, en ambas galaxias las supergigantes ma´s luminosas presentan mayores
tasas que las menos luminosas. En consecuencia, las supergigantes Ia presentan tasas mayores
a las Iab en ambas galaxias, pero en el caso de la Gran Nube de Magallanes, la diferencia es
significativamente mayor que en el caso de la Pequen˜a Nube de Magallanes.
Aprovechando que una parte de las supergigantes fr´ıas de las Nubes de Magallanes fue
observada en mu´ltiples an˜os, estudiamos su variabilidad espectral. El taman˜o de la muestra de
la Pequen˜a Nube es similar a la de la Gran Nube de Magallanes. Pese a ello, encontramos un
nu´mero significativamente mayor de variables, y con variaciones ma´s amplias, en la muestra de
la Pequen˜a Nube que en la otra galaxia. Esto puede estar causado por el hecho de que la de la
Gran Nube de Magallanes se observo´ solo en dos e´pocas, mientras que la de la Pequen˜a Nube
fue observada en tres ocasiones. Se probo´ entonces a estudiar los datos de la Pequen˜a Nube,
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pero limitados a u´nicamente dos e´pocas. En este caso el nu´mero de variables detectadas decayo´
apreciablemente, pero siguio´ siendo significativamente mayor que en el caso de la Gran Nube.
Caracterizacio´n espectral de las supergigantes fr´ıas en el rango del triplete
infrarrojo de Calcio, aplicada a su identificacio´n y clasificacio´n en grandes
muestras
Para obtener criterios de clasificacio´n para las muestras gala´cticas, empleamos las muestras de
las Nubes de Magallanes. A estas estrellas an˜adimos las estrellas esta´ndares observadas, as´ı como
en una pequen˜a submuestra de estrellas del brazo de Perseus cuya naturaleza supergigante esta´
bien documentada. Al conjunto de todas estas estrellas, lo denominamos como “muestra de
calibracio´n”.
Los datos de l´ıneas ato´micas y bandas de TiO medidas en la muestra de calibracio´n fueron
analizados por el me´todo de las componentes principales. Este me´todo crea un espacio de
para´metros, por combinacio´n lineal de las variables introducidas, que concentra en unas pocas
dimensiones un alto porcentaje de la informacio´n total contenida en los datos. De hecho, las
componentes principales obtenidas de orden ma´s bajo (aquellas que contienen ma´s informacio´n)
presentan claras tendencias con el tipo espectral y/o la clase de luminosidad. Por tanto, los
diagramas generados con ellos permiten obtener de forma preliminar la clase de luminosidad (si
una estrella es supergigante o no) y su tipo espectral aproximado. Tambie´n aplicamos el me´todo
de vectores ma´quina a las componentes principales obtenidas. Este me´todo calcula la superficie
de separacio´n o´ptima entre dos grupos de estrellas en el espacio de para´metros indicado. Tanto
el me´todo de componentes principales, como el de vectores ma´quina fueron calculados para
mu´ltiples submuestras aleatorias de nuestra muestra de calibracio´n, limitando as´ı los efectos de
seleccio´n. Las separaciones o´ptimas promedio fueron aplicadas a nuestra muestra de calibracio´n
al completo. Se obtuvo una alta eficiencia a la hora de identificar las supergigantes fr´ıas presentes
en ella. As´ı mismo, la fraccio´n de estrellas que no eran supergigantes, que fueron identificadas
como tales resulto´ muy pequen˜a.
Los resultados obtenidos por las componentes principales fueron comparados con los que se
obtienen de me´todos cla´sicos empleados en la literatura. Dichos criterios se basan en algunas
de las l´ıneas medidas, o grupos de ellas. Los resultados indican que aunque algunos criterios
alcanzan eficiencias tan altas como el me´todo de las componentes principales, la contaminacio´n,
es decir, la fraccio´n de estrellas identificadas como supergigantes que en realidad no lo son, es
significativamente ma´s alta.
El me´todo de identificacio´n propuesto ofrece una simple etiqueta de “supergigante” o “no
supergigante” sin una incertidumbre asociada. Por tanto, partiendo de las incertidumbres de
las componentes principales, calculamos 1000 muestras diferentes a partir de los datos originales
mediante el me´todo de Montecarlo. Entonces aplicamos los limites previamente calculados por
vectores ma´quina para los datos originales a cada una de dichas muestras. La fraccio´n de
muestras en la que se identifica a un objeto dado como supergigante mide la probabilidad de
que efectivamente lo sea. Mediante la representacio´n de la distribucio´n de las probabilidades,
obtuvimos un criterio que permite establecer que´ valor de probabilidad mı´nima es aceptable a
la hora de clasificarla como una supergigante, dependiendo de cada muestra.
Para estimar los tipos espectrales de las supergigantes fr´ıas se calcularon, a partir de la
muestra de calibracio´n, las regresiones lineales entre las medidas realizadas de l´ıneas y bandas,
as´ı como de las componentes principales obtenidas, y el tipo espectral. Este me´todo obtiene
una precisio´n similar a la obtenida en una clasificacio´n manual empleando el rango o´ptico del
espectro.
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El me´todo aqu´ı desarrollado no es aplicable directamente a los espectros obtenidos por la
misio´n espacial Gaia. Dada la importancia de esa misio´n, hemos an˜adido una adaptacio´n del
me´todo al rango espectral cubierto por el espectro´grafo de Gaia. Los resultados de eficiencia y
contaminacio´n son similares a los obtenidos para el caso normal.
Discusio´n de resultados
Implicaciones para el conocimiento actual de las supergigantes fr´ıas
Los estudios recientes han discutido si el tipo espectral realmente depende de la temperatura
efectiva, como se cre´ıa hasta hace poco, o si por el contrario depend directamente de la luminosi-
dad. Para dilucidar esta cuestio´n, comparamos la dependencia de las l´ıneas ato´micas medidas
con el tipo espectral y la magnitud bolome´trica, con la dependencia de estas mismas l´ıneas en
espectros sinte´ticos (obtenidos a partir de modelos teo´ricos MARCS y KURUCZ) con la temper-
atura efectiva y la luminosidad. Segu´n los modelos teo´ricos, son las l´ıneas de Ti i las que poseen
una dependencia ma´s clara con la temperatura efectiva, siendo adema´s las ma´s insensibles a la
gravedad superficial. Las l´ıneas de Fe i y Ca ii son ma´s sensibles a la gravedad superficial que las
del Ti i, pero adema´s presentan una dependencia bastante baja a la temperatura efectiva. Estos
comportamientos proporcionan en conjunto un so´lido indicio de que el tipo espectral depende
principalmente de la temperatura efectiva. A ello se suma, adema´s, el hecho de que la variacio´n
de tipo espectral detectado en estrellas observadas en mu´ltiples e´pocas tiene una correlacio´n
clara con las variaciones de Ti i. En cambio, las l´ıneas de Fe i y Ca ii resultan absolutamente
indiferentes a las variaciones de tipo espectral.
Al mismo tiempo, se ha encontrado una correlacio´n entre el tipo espectral y la magnitud
bolome´trica, aunque no todas las supergigantes fr´ıas observadas encajan en ella. Parece existir
una secuencia clara en la que mayores luminosidades implican tipos claramente ma´s tard´ıos.
Dicha secuencia esta´ formada por la gran mayor´ıa de supergigantes de clases Ia y Iab, aunque
algunas de estas estrellas aparecen fuera de dicha secuencia, especialmente hacia tipos tempranos,
especialmente en el caso de la Pequen˜a Nube de Magallanes. Esto puede deberse a la variabilidad
de algunas de las supergigantes, que adema´s es ma´s frecuente y con mayores amplitudes en tipos
espectrales en el caso de la Pequen˜a Nube. Las supergigantes fr´ıas de baja luminosidad (clase de
luminosidad Ib) no parecen seguir esta tendencia, sino que sus tipos espectrales, que abarcan toda
la secuencia estudiada, parecen independientes de la luminosidad. Ahora bien, esta subpoblacio´n
esta´ insuficientemente muestreada y no se pueden obtener conclusiones fiables sobre ella.
La existencia de una correlacio´n entre tipo espectral y luminosidad, para una parte de la
poblacio´n de supergigantes fr´ıas, podr´ıa parecer contradecir la dependencia del tipo espectral
con la temperatura efectiva. Sin embargo, a partir del ana´lisis de las correlaciones, nosotros
sugerimos que aunque no parece existir una dependencia causal entre tipo espectral y magnitud
bolome´trica, ambos te´rminos responden juntos a la misma f´ısica subyacente.
Los modelos de evolucio´n de estrellas de alta masa actuales no predicen la tendencia ob-
servada entre la temperatura efectiva, que entendemos es equivalente al tipo espectral, y la
magnitud bolome´trica para las supergigantes fr´ıas. Al menos no para todo el rango de lumi-
nosidades que abarcan. Para las supergigantes Iab parece cumplirse esta tendencia en un rango
estrecho de magnitudes bolome´tricas (algo ma´s de una magnitud), pero para mayores luminosi-
dades sencillamente se espera un comportamiento cualitativamente muy diferente al observado.
Las razones detra´s de la tendencia observada no esta´n claras. Pueden plantearse dos expli-
caciones diferentes. Por un lado, podr´ıa ser que las estrellas de ma´s masa, y por tanto ma´s
luminosas, lleguen a evolucionar hasta temperaturas ma´s bajas que las supergigantes de menor
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masa. Ahora bien, los modelos no predicen que las supergigantes fr´ıas ma´s luminosas lleguen
a temperaturas sensiblemente ma´s bajas que las de menor luminosidad. Incluso dependiendo
de los modelos, se predice todo lo contrario. Por otro lado, podr´ıa ocurrir que durante la fase
de supergigante fr´ıa las estrellas de menor masa evolucionen hacia mayores luminosidades al
tiempo que se enfr´ıan. El primer caso parecer´ıa lo ma´s sensato, desde un punto de vista evolu-
tivo, al estudiar una poblacio´n que mezcla estrellas de diferentes masas y edades, pero en la Vı´a
La´ctea se han estudiado cu´mulos abiertos en los que existen supergigantes fr´ıas claramente ma´s
tard´ıas que la mayor´ıa, que adema´s esta´n entre las ma´s luminosas. Como es razonable esperar
una edad similar para todas las estrellas de un mismo cu´mulo abierto, es dif´ıcil pensar que esas
estrellas tan luminosas correspondan a estrellas de alta masa, pues deber´ıan haber muerto antes
de que las de menor luminosidad lleguen a la fase de supergigantes fr´ıas. Por tanto, ese tipo de
cu´mulos apoyar´ıan el segundo escenario, aunque nada impide que la realidad sea una mezcla de
ambos. Desafortunadamente, los modelos de evolucio´n estelar no reproducen el comportamiento
supuesto para ninguno de estos escenarios.
En ambas Nubes de Magallanes, la tasa de pe´rdida de masa es mayor para las supergigantes
ma´s luminosas, que adema´s son las ma´s tard´ıas. Sin embargo, en el caso de la Gran Nube de
Magallanes la diferencia entre las tasas de pe´rdida de masa t´ıpicas de las estrellas Ia y la de las
Iab es mucho mayor que la que se da entre esas mismas clases de luminosidad en la muestra de
la Pequen˜a Nube. Pensamos que esto esta´ relacionado con el hecho de que en la Gran Nube
las Ia y las Iab sigan distribuciones de tipos espectrales diferentes. La interpretacio´n que pro-
ponemos para la bimodalidad es que al evolucionar las supergigantes fr´ıas, pueden alcanzar unas
ciertas condiciones f´ısicas (correspondientes a los subtipos M0 – M1) que las vuelvan inestables,
provocando un ra´pido desplazamiento hacia tipos ma´s tard´ıos y mayores tasas de pe´rdidas de
masa. As´ı pues, habr´ıa dos estados evolutivos para las supergigantes fr´ıas. Uno caracterizado
por estrellas de tipos relativamente tempranos (G y K), con baja pe´rdida de masa, y otro que
so´lo alcanzan las estrellas ma´s luminosa, caracterizado por menores temperaturas efectivas, lo
que implica atmo´sferas ma´s extendidas, y por tanto ma´s susceptibles de perder masa. En la
Gran Nube de Magallanes la gran mayor´ıa de estrellas Ia alcanzar´ıan las condiciones necesarias
para pasar a este segundo estado evolutivo, mientras que en la Pequen˜a Nube, so´lo unas pocas
estrellas extremas lo alcanzar´ıan.
Al estudiar la tasa de pe´rdida de masa, intentamos dilucidar si existe alguna relacio´n entre
este para´metro y la variabilidad espectral. Si la variabilidad estuviera relacionada con algu´n tipo
de pulsacio´n, es razonable pensar que tal situacio´n ir´ıa acompan˜ada por una tasa de pe´rdida
de masa mayor de lo habitual. Encontramos que efectivamente existen fuertes indicios de que
para una parte de la poblacio´n, que engloba principalmente a objetos de luminosidad media o
alta, la pe´rdida de masa y la amplitud de la variabilidad espectral esta´n correlacionadas, aunque
siguiendo varias tendencias diferentes.
Comparamos entonces nuestros datos con la informacio´n disponible en la literatura sobre
variabilidad fotome´trica para nuestras supergigantes. Encontramos dos hechos interesantes. El
primero es que entre las supergigantes de las Nubes de Magallanes observadas en ma´s de una
ocasio´n, la proporcio´n de variables fotome´tricas es estad´ısticamente equivalente, sin importar que
para la Gran Nube la variabilidad espectral fuera ma´s infrecuente. De hecho, sospechando que
esto estuviera relacionado con la diferencia de metalicidad entre ambas galaxias, comparamos
nuestros resultados con estudios de variabilidad en supergigantes de la Vı´a La´ctea disponibles
en la literatura. Hallamos que en estos trabajos la frecuencia de variabilidad fotome´trica entre
supergigantes fr´ıas es similar a la encontrada para ambas Nubes de Magallanes. Sin embargo,
la fraccio´n de supergigantes que presentan variabilidad espectrosco´pica y su amplitud en tipo
espectral son significativamente menores que las obtenidas en el caso de la Gran Nube de Mag-
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allanes. Esto refuerza la idea de que existe una relacio´n entre la metalicidad (y el tipo espectral
t´ıpico) y la variabilidad espectral. El segundo hecho que encontramos es que entre los difer-
entes grupos, segu´n su relacio´n entre la variabilidad espectral y su tasa de pe´rdida de masa,
predominaba un tipo de variabilidad fotome´trica diferente. Estos datos, sin embargo, no tienen
una interpretacio´n clara. Para entender este feno´meno se debera´n desarrollar nuevos estudios
espec´ıficos en el futuro.
Identificacio´n y clasificacio´n de supergigantes fr´ıas en las muestras de la Vı´a
La´ctea
Los me´todos de identificacio´n de supergigantes fr´ıas, desarrollados a partir de la muestra de
calibracio´n, fueron aplicados a las muestras problema de la Vı´a La´ctea (de los brazos de Scutum
y Perseus). En cada una de ellas se estimaron las eficiencias y contaminaciones obtenidas.
En el caso de Scutum se emplearon aquellas estrellas de nuestra muestra que ya hab´ıan sido
identificadas como supergigantes en la literatura anterior, mientras que en Perseus se realizo´
una clasificacio´n manual ra´pida de toda la muestra. Las eficiencias de los me´todos aplicados
resultaron algo menores de lo esperado a partir de las muestras de calibracio´n. Sin embargo,
al analizar las eficiencias por subclases de luminosidad se encontro´ que para las supergigantes
de luminosidad media o intermedia (Ia o Iab), la eficiencia es tan alta como en la muestra de
calibracio´n. Esto no es inesperado, ya que la mayor´ıa de las supergigantes de las muestras de
calibracio´n son de esas subclases, estando la clase Ib subrepresentada. As´ı es para estas u´ltimas
para las cuales la eficiencia decae, debido a la similitud morfolo´gica de las Ib con gigantes de
alta luminosidad. Entre las Ia y las Iab, las supergiganets fr´ıas que no fueron detectadas son
todas estrellas de tipos espectrales M intermedios o tard´ıos.
Mediante estos me´todos se encontraron 190 supergigantes fr´ıas en Perseus y 337 en Scutum,
lo que representa unas fracciones del 35% y el 23% de sus muestras respectivas. En conjunto,
estas muestras proporcionan el mayor cata´logo de supergigantes fr´ıas de nuestra galaxia hasta
la fecha. Adema´s, incluso teniendo en cuenta las previamente conocidas presentes en estas
muestras, estos trabajos han aumentado de forma cr´ıtica la cantidad de supergigantes fr´ıas
conocidas en nuestra galaxia. Estas muestras son el primer paso para un estudio exhaustivo
de las dos regiones implicadas (los brazos de Perseus y Scutum), que se realizara´n en el futuro
cercano.
Para estimar los tipos espectrales de las supergigantes fr´ıas en las muestras de la Vı´a La´ctea
se emplearon las correlaciones entre tipo espectral y los ı´ndices ato´micos calculadas mediante la
muestra de calibracio´n. La precisio´n estimada obtenida en este caso no difer´ıa significativamente
de la obtenida para la muestra de calibracio´n, es decir, t´ıpicamente un subtipo espectral. Anal-
izando la distribucio´n de tipos espectrales, las supergigantes de Perseus esta´n centradas en M2,
mientras que las de Scutum lo esta´n en M2.5. Sin embargo, estos resultados son provisionales,
ya que el me´todo de identificacio´n de supergigantes tiene una eficiencia muy baja para subtipos
M4 o ma´s tard´ıos. Por tanto, los tipos espectrales t´ıpicos podr´ıan ser incluso ma´s tard´ıos.
Conclusiones
Mediante el estudio de las muestras de las Nubes de Magallanes, hemos podido dar una nueva
perspectiva al conocimiento actual sobre las supergigantes fr´ıas. En concreto, hemos concluido:
1. Hemos encontrado fuertes evidencias de que la secuencia de tipos espectrales de las supergi-
gantes fr´ıas depende principalmente de la temperatura efectiva y no de la luminosidad,
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como apuntaban trabajos recientes. Estas evidencias se basan en las relaciones que ciertos
grupos de l´ıneas ato´micas tienen con el tipo espectral y la magnitud bolome´trica, y su
comparacio´n con las dependencias que estas l´ıneas tienen de variables f´ısicas segu´n los
modelos de atmo´sferas estelares. As´ı, las l´ıneas de Ti i, para las que los modelos estable-
cen la dependencia ma´s fuerte con la temperatura efectiva y la ma´s de´bil con la gravedad
superficial, son las que presentan una correlacio´n ma´s fuerte con el tipo espectral, y la ma´s
de´bil con la magnitud bolome´trica. Adema´s, en las estrellas variables se ha encontrado
una correlacio´n significativa entre el cambio de las l´ıneas de Ti i y la variacio´n del tipo
espectral. Sin embargo, esta correlacio´n es nula en el caso del cambio observado para otras
l´ıneas que dependen ma´s fuertemente de la gravedad superficial.
2. Hemos confirmado con una muestra estad´ısticamente significativa que, para una poblacio´n
gala´ctica dada, existe una tendencia a que las supergigantes fr´ıas ma´s luminosas sean
tambie´n las ma´s tard´ıas. Ahora bien, las pruebas apuntan a que la naturaleza de esta
relacio´n es indirecta, no causal. Es decir, que ambos para´metros dependen de los mismos
feno´menos f´ısicos subyacentes.
3. El ana´lisis de las supergigantes fr´ıas observadas en mu´ltiples e´pocas ha confirmado que
la metalicidad afecta a la variabilidad espectral. Cuanto ma´s meta´lica es una poblacio´n,
menos evidente es la variabilidad espectral, siendo ma´s infrecuente, y con amplitudes en
tipo espectral ma´s pequen˜as. Este comportamiento, sin embargo, parece independiente de
la variabilidad fotome´trica encontrada en la literatura.
4. Del estudio de la tasa de pe´rdida de masa en las supergigantes fr´ıas, hemos confirmado
que e´sta es mayor en aquellas estrellas provenientes de ambientes con mayor metalicidad.
Adema´s, hemos encontrado indicios de que la pe´rdida de masa y la variabilidad espectral
esta´n conectadas, aunque so´lo para una parte de las supergigantes fr´ıas.
5. Las distribuciones de tipos espectrales obtenidas confirman que los tipos t´ıpicos son ma´s
tempranos en poblaciones de galaxias menos meta´licas. Ma´s au´n, hemos encontrado que
el tipo espectral t´ıpico para las supergigantes fr´ıas de la Pequen˜a Nube de Magallanes es
significativamente ma´s temprano de lo que se cre´ıa previamente.
6. Hemos encontrado que la distribucio´n de tipos espectrales de las supergigantes fr´ıas de
la Gran Nube de Magallanes es bimodal. De hecho, consiste en la superposicio´n de dos
distribuciones, una compuesta por supergigantes Ia, ma´s tard´ıas y con una tasa de pe´rdida
de masa significativamente ma´s alta, y las supergigantes Iab, ma´s tempranas y con menor
tasa de pe´rdida de masa. Proponemos, a partir de las pruebas disponibles, que este com-
portamiento obedece a la existencia de dos fases evolutivas diferentes en las supergigantes
fr´ıas.
Adema´s, las muestras de las Nubes de Magallanes, junto a cierto nu´mero de estrellas
esta´ndares o supergigantes bien caracterizadas de la Vı´a La´ctea, se emplearon para crear un
me´todo de identificacio´n y clasificacio´n de supergigantes fr´ıas. Este me´todo emplea el ana´lisis
de componentes principales, combinado con el me´todo de vectores ma´quina para separar a las
supergigantes fr´ıas de otros tipos de estrellas. De este trabajo, obtuvimos:
1. Analizamos la eficiencia y contaminacio´n de me´todo de componentes principales as´ı como
de otros criterios empleados anteriormente en la literatura. Encontramos que, aunque hay
me´todos con eficiencia similar a la obtenida por componentes principales, la contaminacio´n
de nuestro me´todo es significativamente inferior a la de los me´todos de la literatura.
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2. Mediante el me´todo de Montecarlo, calculamos la probabilidad para cada estrella de ser una
supergigante fr´ıa. Demostramos adema´s que, analizando la distribucio´n de probabilidades,
se puede establecer un valor mı´nimo de probabilidad, para cualquier muestra, que separa
o´ptimamente las supergigantes fr´ıas de otras estrellas.
3. Calculamos una versio´n particular del me´todo de componentes principales para el rango
espectral que observa el espectro´grafo de la misio´n espacial Gaia. Los resultados son
similares a los obtenidos en el caso normal.
4. Calculamos las regresiones lineales obtenidas para el tipo espectral con diferentes para´metros
espectrales de la regio´n del triplete infrarrojo de Calcio. De ellas hemos obtenido una forma
fiable de estimar el tipo espectral de grandes muestras de supergigantes fr´ıas. La incer-
tidumbre de este me´todo es similar a la obtenida mediante la clasificacio´n manual usando
el rango espectral o´ptico.
Finalmente, aplicamos los me´todos de identificacio´n y clasificacio´n a dos muestras de estrellas
de la Vı´a La´ctea, una del brazo de Perseus y otra de la tangente al brazo de Scutum. De este
trabajo obtuvimos:
1. Las eficiencias identificando supergigantes fr´ıas estimadas para estas muestras son similares
a las obtenidas para la muestra de calibracio´n en el caso de supergigantes Ia o Iab. Para las
Ib, sin embargo, la eficiencia es menor. De entre las Ia y Iab, el me´todo tiene una eficiencia
muy baja encontrando supergigantes de tipos M intermedios o tard´ıos. De los me´todos
evaluados, todos tienen eficiencias similares, pero mediante componentes principales se
obtiene una contaminacio´n pra´cticamente nula, significativamente inferior a la de otros
me´todos considerados.
2. Usando el me´todo de componentes principales, encontramos 190 supergigantes fr´ıas en la
muestra de Perseus y 377 en la muestra de Scutum. Juntas conforman el mayor cata´logo
coherente de supergigantes fr´ıas de la Vı´a La´ctea hasta la fecha, y suponen un incremento
drama´tico en el censo de este tipo de objetos.
3. Estimamos los tipos espectrales de las supergigantes fr´ıas encontradas. Su precisio´n es
similar a la obtenida mediante una clasificacio´n manual en el o´ptico. De estas distribuciones
obtuvimos que los tipos espectrales t´ıpicos de estas muestras son M2 para el caso de
Perseus y M2.5 para el caso de Scutum. Sin embargo, dada la baja eficiencia identificando
supergigantes de tipos M tard´ıos, estos resultados deben considerarse provisionales.
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1.1 Brief history of stellar classification through the energy spec-
trum.
The dispersion of light, id est the act of splitting the light into its component colours by a
prism due to refraction was object of study by many natural philosophers in the 17th century.
However, Isaac Newton was the first to show that the colours split from light can be recombined
into original light again, demonstrating that they are not a creation of the prism, but components
of the light itself. Because of this discovery, Newton is considered the father of spectroscopy,
the science that studies the dispersed light, or spectrum.
At the beginning of the 19th century, William H. Wollaston and Joseph von Fraunhofer
found that there are some dark lines in the spectrum of the Sun. Fraunhofer studied them
systematically, documenting 574 different dark lines. He also studied the spectra of other bright
stars, finding that they had different dark line patterns. At the same time, other scientists
studied the spectra produced by a flame when salts were added to it, causing bright line patterns
to appear in them. Moreover, each substance has its own unique pattern of lines, as a fingerprint.
Both dark and bright lines in spectra were unified as different manifestations of the same
phenomenon by Jean B. L. Foucault. He experimentally demonstrated in 1849 that each element
has one unique line pattern. Depending on its physical conditions the element can absorb light,
causing the dark lines, or emit it, generating the bright lines. However, ten years had to pass
before Gustav Kirchhoff and Robert Bunsen showed that absorption lines in the Sun and other
stellar spectra actually correspond to elements studied in the laboratory. They obtained the first
direct evidence that stars contain the same elements found in Earth. This discovery marked
the birth of astrophysics, because it opened the gate to the understanding of the chemical
composition and physical conditions of stars.
In the years after Kirchhoff and Bunsen’s discovery, many scientists worked on the observa-
tion of large numbers of stellar spectra. Angelo Secchi stood out in this work, obtaining a large
collection (around 4 000 spectra) along the decades of the 60s and the 70s in the 19th century.
He realized that all the stars he observed could be divided into just five groups according to
their spectral features: the Secchi classes. We know today, but he did not known then, that
his first three classes (I, II and III) correspond to a temperature sequence, from moderately
high temperatures (Secchi class I) to low temperatures (class III), while the classes IV and V
are related to other physical processes (class IV corresponds to carbon stars and class V to
emission-line stars).
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The Secchi classification was the first, but not the last, laying the groundwork for posterior
works. Starting in 1885, Edward C. Pickering performed an ambitious observational program,
obtaining and classifying more than 10 000 spectra along five years. However it must be noted
that Pickering did not do this work alone. He formed a group of women for this task (usu-
ally known as ”Harvard Computers”), among whom stood out for their later scientific work
Williamina Fleming, Annie Jump Cannon, Henrietta Swan Leavitt and Antonia Maury. Their
colossal classification work resulted in the publication, in 1890, of the first Draper Catalogue
of Stellar Spectra. Its classification (mainly done by Williamina Fleming) followed the Secchi
classes, sub-dividing them into more specific groups (which were denominated by letters, from
A to Q). Years later, initially Antonia Maury (in 1897) and later Annie Jump Cannon (in 1901)
redesigned the classification. However only Cannon’s work was widely recognized by the scien-
tific community (known as Harvard Classification Scheme), becoming the base of the modern
classification system.
The Harvard Classification Dividing Scheme used the letters from Fleming’s classification,
but reordering some and removing others (resulting in the modern spectral types: O, B, A, F,
G, K, M), and adding numbers to accurately describe differences between stars belonging to the
same letter. This classification system has the advantage that it orders the stars by temperature,
from the blue and hottest stars (O type) to the red and coolest ones (M type). However,
this was not clear at the time. The relation between spectral type (SpT) and temperature
was demonstrated by Cecilia Helena Payne in her PhD, in 1925, thanks to the application of
Meghnad Saha’s ionization theory to stellar spectra.
The features in stellar spectra depend on other physical conditions beyond temperature. So
William Wilson Morgan, Philip C. Keenan, and Edith Kellman published in 1943 a system of
classification (Yerkes Spectral Classification) based on two dimensions, temperature and lumi-
nosity (i.e. the intrinsic amount of energy radiated by a star per unit time). For temperature,
they kept the Harvard system, while for luminosity they created the luminosity classes, denom-
inated by roman numbers, from I for the most luminous stars, to V for the least luminous ones.
In that way, one star can be characterized by a spectral type (SpT) and a luminosity class (LC).
This system, with small modifications, is still used nowadays, and is the one we have used for
the present work.
1.2 The nature of cool supergiants
Stars seem to be ”permanent” over human time-scales, because even the stars with the shortest
lives, which are a minority, last a few million years. The western natural philosophers and
astronomers believed that stars (and the celestial bodies beyond the moon) were immutable and
eternal until Tycho Brahe (and a few other astronomers) reported the apparition of a new star in
the sky, in 1572. It was called a ”nova stella” (new star), but actually it was the explosive death
of a white dwarf star. With the passage of time, the birth and death of stars were demonstrated
and understood. With this understanding came the idea that stars do not remain unaltered
along their lives, but change substantially. That process of change is known as stellar evolution.
1.2.1 Evolution of moderately high-mass stars
Nowadays we know that the evolution of a star depends mainly on its initial mass, because
those with larger masses consume (by nuclear fusion) the combustible available in their cores
faster, which means that more massive stars have shorter lives and higher energy emission per
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unit time (luminosity). The physical processes in the core of stars depend on stellar mass,
as core structure increases at larger masses, resulting in very different evolutionary pathways.
Even though these changes in the stellar cores are not directly observable, they affect noticeably
the stellar ”observable surface” (the photosphere and upper layers), changing the size, effective













































































Figure 1.1: Theoretical evolutionary tracks, represented in the log (Teff) vs Mbol plane. The
colour of the tracks indicates their metallicity: black for Solar metallicity (Z = 0.014), and
green for the typical metallicity of the SMC. The coloured points along the tracks are separated
by 0.1 Ma, and their colours indicate log (age). Left (3.16a): Geneva models, from Ekstro¨m
et al. (2012); Georgy et al. (2013). The tracks shown here correspond, from bottom to top,
to stars of 12, 15, 20, 25 and 32 M. Right (3.16b): Models from Brott et al. (2011). The
evolutionary tracks shown here are, from bottom to top, those of stars with 12, 15, 20, 25, 30
and 35 M.
The moderately high-mass stars, are those with masses between ∼ 10 to ∼ 40 M. We
distinguish them as a group because the evolutionary models predict that the cool supergiants
(CSGs) is a stage only reached by these stars (see next Section for details). The moderately
high-mass stars, are born as late O or early B stars (Massey 2003). Evolutionary models (Brott
et al. 2011; Ekstro¨m et al. 2013) predict that these stars consume the H in their cores in a few
million years, changing along this process into more luminous but cooler stars (see Fig. 1.1).
When they deplete the H, then they evolve very quickly (in a few thousand years) with their
temperatures decreasing by a large factor but their luminosities remaining roughly constant.
As luminosity (L) depends on both, temperature (T ) and radius (R) following the expression
L ∝ R2T 4, the change in temperature from values as high as ∼ 30000 K to new ones as low as
∼ 3400 K (Arroyo-Torres et al. 2013) at constant luminosity implies a large change in radius. It
varies from a few solar radii (R) to several hundreds. The resultant stars are the largest ones
known. In fact the largest one found up to date, UY Scuti, belongs to this group and is believed
to have a radius larger than 1700 R (Arroyo-Torres et al. 2013).
These stars with low temperatures and such large radii are known as red supergiants (RSGs),
because they have ”red” SpTs (mainly M but also late K) in galaxies as the Milky Way (MW)
or the Large Magellanic Cloud (LMC). However, in galaxies with lower metallicity, such as the
Small Magellanic Cloud (SMC), the typical SpT of the RSG population shifts towards earlier
types (Elias et al. 1985; Levesque 2013), and these stars have early K and even G SpTs. As G
stars are usually considered ”yellow”, in this work we use the more general term CSGs for the
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set of LC I G, K and M stars. Despite this, yellow supergiants are relatively scarce in galaxies
more metallic than the SMC (Neugent et al. 2012), and thus most of the studies done about
CSGs, including those on the SMC, are centred on the red ones (those with K and M subtypes).
In consequence, in the bibliography the usual term used is RSG, and we keep it in the context
of those works, and also to make reference to those CSGs with K and M subtypes.
1.2.2 Luminosity and mass boundaries of cool supergiants
Among late stars (G, K and M), CSGs are the most luminous, but these are not the most
luminous stars of any kind. Stars with initial masses larger than 40M, and thus more luminous
than CSGs, loss their H envelopes when they evolve towards lower temperatures, never reaching
the CSG stage, but becoming Wolf-Rayet stars. The upper luminosity boundary for CSGs
(∼ 105.8 L) was first proposed by Humphreys & Davidson (1979), based on their empirical
data. Lamers & Fitzpatrick (1988) explained this boundary as a consequence of the Eddington
Luminosity, i.e. the maximum luminosity that a star can have without breaking the balance
between the radiative pressure and the gravitational force, which they estimated at ∼ 105.7 L
for stars with temperatures lower than 10000 K. However, such extremely luminous CSGs are
infrequent, and only a few of them are known (Humphreys 1974; Schuster et al. 2006). They are
called red hypergiants or extreme RSGs (ERSGs). Their scarcity is due to three reasons. Firstly,
the stars with higher luminosities than ∼ 105.4 L are expected to have initial masses larger than
25M. As the initial mass function predicts that the fraction of stars with a given mass depends
inversely on its mass, they are intrinsically scarce. Secondly, as we have mentioned before, stars
with higher masses burn the nuclear fuel in their cores faster, and so they have a shorter life.
Third and lastly, the evolutionary models (e.g. Brott et al. 2011; Ekstro¨m et al. 2012) predict
that those stars with masses larger than 25M will evolve back to higher temperatures some
time after they become CSGs, dying as hot, blue stars. Therefore, they live as CSGs only for a
short fraction of their lifetimes.
The lower luminosity boundary of CSGs is not so clear-cut. To understand this issue, we
must review the definition of high-mass star. There are two alternative definitions that seem
similar, but are not totally equivalent. Some times, high-mass stars are defined as those having a
mass large enough to ignite non-explosively the fusion of Carbon in their cores. That minimum
mass have been calculated to be ∼ 8 M (Eldridge & Tout 2004). Other times, they are defined
as those with mass enough to end their lives as core-collapse supernova. Smartt (2009) derived
the minimum mass for that (8.5+1−1.5M) from observations. However, these definitions do not
offer a clean boundary between red supergiants and the most massive stars on the asymptotic
giant branch (AGBs), known as super-AGBs. These stars have masses larger than 8M, perhaps
up to ∼ 10 M (Herwig 2005), and have luminosities comparable to those of the less luminous
CSGs (Wood et al. 1983). In the literature, the lower luminosity boundary is about 104.0 -
104.5 L (Meynet & Maeder 2000; Humphreys & Davidson 1979, respectively).
1.2.3 Spectral types and temperatures in cool supergiants
RSGs have late SpTs (K and M) and low temperatures. Different studies of large RSG pop-
ulations have assumed a distribution of spectral subtypes around a typical SpT. Humphreys
(1979) found that this distribution may span a different range of SpTs depending on the galaxy
hosting the population, with RSGs having earlier SpTs in galaxies with lower metallicities. This
behaviour has been confirmed repeatedly (Elias et al. 1985; Massey & Olsen 2003; Levesque &
Massey 2012) since then (see Fig. 1.2).
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Figure 1.2: Spectral type distribution for SGs in different galaxies, extracted from Levesque &
Massey (2012). They are displayed in order of increasing metallicity, from bottom to top. The
data from the different galaxies are gathered from: Levesque et al. (2005) (MW); Levesque et al.
(2006, 2007) (MCs); Levesque & Massey (2012) (NGC6822 and WLM).
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Elias et al. (1985) propose two causes for the dependence of the typical SpTs on metallicity.
The first one is the effect of the metallicity on the Hayashi limit, which is the largest radius (or
lowest temperature for a given luminosity) that a cool star of a given mass may have while in
hydrodynamic equilibrium Hayashi & Hoshi (1961). This limit is expected to appear at higher
temperatures for lower metallicities1. RSGs with higher metallicities would thus be able to
evolve up to lower temperatures, and therefore reach later SpTs. The second one is the effect
of metallicity on the TiO abundance as the bandheads of this molecule are the main criteria for
spectral classification in the K to M range, with later SpTs defined by deeper bandheads. At
the same temperature, a RSG with a lower metal content should have a lower TiO abundance,
and thus weaker bandheads, shifting its classification towards earlier SpTs.
The effective temperature (Teff) scale, i.e. the relation between SpT and temperature, for
M supergiants was initially estimated to span from 3600 K at M0 to 2800 K at M5 (Lee 1970).
Humphreys & McElroy (1984) confirmed this scale and extended it to earlier SpTs, with temper-
atures from 4300 K at K0 to 2800 K at M5. Over the following two decades this relation was not
revisited, until Massey & Olsen (2003) calculated a slightly different scale, with temperatures
a bit cooler for the K subtypes and a bit warmer for the M ones. In any case, all these works
agreed on RSGs being cooler than the lowest temperature predicted by their contemporary
evolutionary models.
Some years later, Levesque et al. (2005, 2006) revised the temperature scale by fitting
MARCS models to their spectrophotometric observations, in the range from 4000 A˚ to 9500 A˚.
Their results brought galactic RSGs into agreement with temperatures predicted by the evolu-
tionary models of Meynet & Maeder (2000). They also placed RSGs from the SMC and the
LMC closer to theoretical predictions, but without achieving a very good agreement, specially
in the case of the SMC.
The temperature scale obtained by Levesque et al. (2005) for galactic RSGs has a flatter
slope and is warmer than previous ones, from 4100 K at K1 to 3450 K at M5. LMC and SMC
RSGs span almost the same range (Levesque et al. 2006), from ∼ 4200 K at K1 to 3475 K at M2
for the SMC, and from ∼ 4300 K at K1 to 3450 K at M4 for the LMC. This implies that, at a
given temperature and for M subtypes, stars from the SMC appear earlier than those from the
LMC, which are in turn earlier than the Milky Way ones.
Levesque et al. (2006) explore the arguments presented by Elias et al. (1985) under the light
of their results, finding that the difference in SpT between RSGs from the SMC and the LMC (or
from the Galaxy) at a given temperature (for M RSGs) is significantly smaller than the difference
between mean SpTs of both galaxies. In view of this, they conclude that the effect of metallicity
is not enough to explain the shift in SpT between these galaxies and, in consequence, a varying
Hayashi limit must be the main reason behind the shift in the typical SpTs of RSGs between
galaxies. Moreover, using the same method, Drout et al. (2012) find that RSGs in M33 have
different typical temperatures at different galactocentric distances, due to the radial metallicity
gradient presented by this galaxy. With this result, they extend the behaviour observed when
comparing different galaxies to different populations within a single galaxy.
There are, however, a number of unresolved issues in these works that must be noted before
accepting these temperature scales. Firstly, in addition to spectrum fitting, Levesque et al.
(2006) also used synthetic colours to calculate alternative temperatures, finding that the results
1Hydrostatic equilibrium depends on opacity because the internal pressure of the star is P ∝ κT . In conse-
quence, higher opacities imply lower temperatures for the same pressures. In cool stars, as is the case of those stars
reaching the Hayashi limit, the atmospheric opacity is dominated by the ion H−. The free electrons available to
form such ion come mainly from the upper atomic levels of the metals present in the atmosphere, which have low en-
ergy ionization levels. In fact, the Hayashi limit is expressed as: Teff = 2×103(M/M)0.15(L/L)0.01(Z/Z)−0.04.
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Figure 1.3: Comparison of a 3D synthetic spectrum for a SG (fitted to the indicated Teff) and
two synthetic spectra from MARCS atmospheric models, taken from Davies et al. (2013). One
is fit to reproduce the TiO bands shown by the 3D synthetic spectrum in the optical range, and
the other to fit the SED. From these fits, the Teff derived from the TiO bands is substantially
lower than the obtained from the SED.
from fits to (V − K)0 are systematically warmer than those calculated from MARCS models.
They argue that this discrepancy is caused by the models not reproducing correctly the near
infrared (NIR) fluxes. However, the temperatures obtained from (V − K)0 do agree with the
predictions of their contemporary Geneva models. Secondly, Levesque et al. (2007) find a number
of RSGs in the Magellanic Clouds (MCs) with extremely late SpTs, which lay clearly under the
coolest temperature predicted by evolutionary models for their respective metallicities. Thirdly,
they find that for M-type supergiants, at a given SpT, RSGs in the SMC are cooler than those
in the LMC or the Milky Way. They explain this difference as a consequence of the effect of
metallicity variations on TiO-band strengths. On the other hand, for K-type supergiants they
find that stars from all three galaxies have roughly the same temperature at a given SpT.
Davies et al. (2013) obtained spectrophotometry for a small number of targets from both
MCs. They used three different methods to calculate their temperatures. On one hand, they
used the strengths of the TiO bands, fitting their spectra with MARCS atmosphere models, as
Levesque et al. (2006) did. On the other hand, they performed fits to the optical and infrared
spectral energy distribution (SED). Finally, they also used the flux integration method (FIM),
though leaving AV as a free parameter and utilizing these results only as a constraint for the SED
and TiO scales. They find that the TiO scale is significantly cooler than the SED temperatures
(see Fig. 1.3). They present three strong arguments against the TiO scale and in support
of temperatures derived from the SED: the TiO scale is cooler than the lowest temperatures
derived from the FIM at the lowest reddening; the TiO temperatures overpredict the IR flux;
and there is a lack of correlation between the reddening derived from the TiO methods and the
diffuse interstellar bands measured. The SED temperatures are in agreement with the Geneva
evolutionary models, but all RSGs have temperatures inside a narrow range (4150 ± 150 K),
regardless of which galaxy they belong to and thus which SpT they have. In consequence, if
SpTs, which are determined from the strength of the TiO bands, do not depend mainly on
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Figure 1.4: Teff against metallicity (expressed as [Z]). The figure was provided by L. R. Patrick
through private communication, and uses data from Gazak et al. (2014); Davies et al. (2015);
Patrick et al. (2015, 2016). The points show the parameters derived for RSGs from different
galaxies, through the comparison of their J-band spectra with synthetic spectra. The galaxies
have different typical metallicities. Ordered by increasing Z: SMC, NGC 6822, NGC 2100, LMC,
NGC 300 (gradient), and Perseus OB1.
temperature, then they have to depend on luminosity, which seems related to the evolutionary
stage. From this, they suggest that RSGs with early SpTs have arrived from the main sequence
recently, while those with late SpTs have moved steadily in the HR diagram towards higher
luminosities, increasing at the same time their mass loss and their circumstellar envelopes.
Since then, a flurry of works (Gazak et al. 2014; Davies et al. 2015; Patrick et al. 2015,
2016) have obtained similar temperatures for RSGs from different environments (see Fig.1.4)
using a different method, based on model fitting to J-band spectra, as initially proposed by
Davies et al. (2010). Gazak et al. (2014) found temperatures for all but one of their RSGs in the
Galactic Perseus OB1 association ranging from 3800 K to 4100 K. Patrick et al. (2015) obtained
temperatures between 3790 K and 4000 K for all their RSGs in NGC 6882. Davies et al. (2015)
re-analysed the same data from Davies et al. (2013) with this method, finding all the stars from
both MCs within the range 3800 K to 4200 K, without any differences between RSGs from each
galaxy. They also find that J-band temperatures agree well with those calculated through the
SED method for the SMC RSGs, but there is a significant offset (160 ± 110 K) for RSGs in
the LMC. Finally, Gazak et al. (2015) studied RSGs in NGC 300, paying attention to their
galactocentric distances, because of the expected abundance gradient. They found that all but
one were inside the range between 3800 and 4300K, but also that there is no dependence between
the metallicity and temperature, even though their range of metallicities spans from solar down
to −0.6 [dex]. Although none of these works provides SpTs for their RSGs, all of them subscribe
the conclusion of Davies et al. (2013), because they are finding a small temperature spread
for all RSGs, even when shifts in the mean SpT of RSGs are expected between these different
environments.
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1.3 What are cool supergiants telling us?
CSGs are interesting objects by themselves because of the extreme conditions found in their
atmospheres (they are the largest stars known), but also they provide information about very
different topics. Here we provide a summary of the scientific interest of these objects.
CSGs play a critical role as constraints for high-mass evolutionary models, because ∼ 80%
of high-mass stars will become CSGs at some point during their evolution (Ekstro¨m et al. 2013).
However, today there are still some important issues in the agreement between evolutionary
tracks and the observational data. The effective temperatures obtained from observations were
lower than the minimum ones predicted by evolutionary models. This disagreement was larger
years ago (Massey 2003), but Levesque et al. (2005) seemed to reach a good agreement for
galactic RSGs thanks to the new Teff scale that they calculated. Nevertheless, they did not
reach such good agreement for magellanic CSGs, specially for the SMC, although they improved
the situation with respect to previous studies (Levesque et al. 2006). However the recent works
of Davies et al. have proposed that all CSGs, in spite of their spectral type or metallicity, have
the same Teff. This is in open contradiction with the evolutionary models (Brott et al. 2011;
Ekstro¨m et al. 2012; Georgy et al. 2013), because they predict different Teff ranges for CSGs at
different metallicities. In consequence, the values of Teff that Davies et al. obtain for CSGs from
different environments lie between those predicted by the evolutionary tracks for the MW and
those for the SMC CSGs (see Fig. 11 from Patrick et al. 2015).
Whatever it is the real temperature of CSGs, it is low (around 4000 K) in comparison with
early-type high-mass stars (which are about one magnitude order hotter). Because of the low
temperatures of CSGs, their radiation peak is expected around the far red end of the optical
range or the beginning of the near infrared, while for the early high-mass stars their peaks
are around the ultraviolet range. As the interstellar medium, mainly composed by dust and
neutral gas, absorbs more efficiently shorter wavelengths, CSGs are less affected by extinction
than the early, hot high-mass stars. In addition, CSGs are highly luminous stars, and thus can
be observed in the infrared at large distances, even through heavy extinction (Negueruela et al.
2011). As they are young stars, the CSGs are considered as tracers of stellar formation, and they
have a clear advantage at playing this role over early-type stars: they can easily be observed
in regions affected by extremely high extinction, such as the inner Galaxy. So, CSGs allow the
study of high-mass populations and recent star formation when the early components are too
extinguished (e.g. Figer et al. 2006).
Knowledge of the recent stellar formation in the inner Galaxy provide a powerful tool to study
the Galactic structure. The Milky Way (MW) is a spiral galaxy and therefore is expected to have
significant stellar formation in its arms. Moreover, MW dynamical models predict the structure
and rotation of the galactic disc. Thus, for a given line of sight, the observed radial velocities
(RVs), seen from the Earth, i.e. the velocity in the radial direction, of CSGs in a cluster, or
even diffuse groups of them with similar velocities, can be used to calculate their distance. A
spectroscopic observation of CSGs can provide information about the structure of the Galaxy:
the spectra is used to confirm the CSG nature of the given objects (by spectral classification),
and to determine their RVs (which are calculated through the Doppler displacement of their
atomic lines). Although there are different methods to study stellar formation and the spiral
arms, CSGs provide an alternative way to confirm or supplement them (Negueruela et al. 2012).
In addition, the stellar mass formed in a stellar cluster or star forming region can be estimated
through the number of RSGs in them (Clark et al. 2009), which is specially useful when the
RSGs are the only observable components in the cluster because of the extinction.
Finally, Davies et al. (2010) showed that CSGs can be used as probes for metallicity, through
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spectroscopic observation of the J-band at low resolution (R ∼2000–3000). Therefore, this
method allows the characterisation of the chemistry of high-mass stellar formation regions, in
the MW or in other galaxies of the Local Group. Indeed, this method has been used with success
in different environments to date (Patrick et al. 2015, and references therein).
1.4 Identifying cool supergiants
From a theoretical point of view, high- and intermediate-mass stars are very easy to tell apart
because of their very different evolutionary paths, even though the stellar mass boundary be-
tween them is not clear, as has been explained before. However, it is essential to remember that
the evolutionary path is not an observable parameter for any given star. Thus, both populations
have to be identified through observable parameters, such as those provided by photometry or
spectroscopy.
Despite their different natures, RSGs are hard to distinguish from other late type stars,
such as asymptotic giant branch stars (AGBs) or red giant branch stars (RGBs), by using
only photometry. The intrinsic colours of all these stars are the same, as their temperatures
are similar. Of course, the bolometric magnitude, Mbol, of CSGs is much higher than that of
RGB and most AGB stars, but this is not really helpful when the distances and extinctions
are unknown, and there are many less luminous but closer foreground stars, as is the case in
the Galactic plane. To break this degeneracy, spectroscopic studies are necessary. However,
photometry is essential for the selection of candidates to include in these spectroscopic studies.
Careful photometric criteria adapted to the peculiar conditions of the region observed are the
key for a good candidate list.
Once the candidates have been observed spectroscopically, they have to be classified. Clas-
sical spectral classification criteria were originally defined for the optical range (Morgan et al.
1943; Fitch & Morgan 1951; Keenan & McNeil 1976; Keenan & Wilson 1977; Keenan & Pitts
1980; Morgan et al. 1981; Turnshek et al. 1985; Keenan 1987). But, as has been mentioned
before, late stars are more easily accessible in the near infrared (NIR; i.e. from ∼ 8000 A˚ to
∼ 25000 A˚) than in the optical because their emission peak is in this spectral region, which is
less affected by interstellar extinction than the optical one.
The atmospheric temperatures of RSGs are cool enough to allow the condensation of some
molecules in their upper layers. Their effect on the spectra is a series of absorption bands, which
are composed by tight groups of hundreds of absorption lines caused by the vibrational and
rotational energy levels of the molecules. However, these bands can only be decomposed into
individual lines at very high resolution. At the resolutions used in the present work, each band
seems a continuous absorption feature, which starts suddenly at a given wavelength absorbing
the wavelengths longer than it. This absorption decreases with wavelength, giving to the bands
the appearance of a sawtooth. These bands erode the continuum, weakening other spectral
features, and even erasing them (Dorda et al. 2013).
The most noticeable molecular bands in CSGs stars are those of TiO, which are present in
the whole optical range and the beginning of the NIR. In fact, the SpT sequence from mid K
onwards is defined in base to the observable TiO bands and their depth. Unfortunately, these
bands represent a major complication for the luminosity classification, as they affect the line
ratios of other species and other measurements used as LC criteria. The earliest CSGs, those
with G subtypes, are free from these features, but all RSGs are affected by them. For early K
subtypes, these bands are few and small in the optical range, but along the SpT sequence they
grow deeper, while new bands become apparent at longer wavelengths as the SpT is later. For
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RSGs earlier than M1, the whole NIR range is free of bands.
As the NIR spectral range is less affected by TiO bands and is more accessible than the
optical range, it has been used widely to classify bright late-type stars. Along the NIR spectral
range, the infrared Calcium Triplet (CaT) spectral region, from ∼ 8400 A˚ to ∼ 8900 A˚, is
specially useful for CSG classification. Firstly, it is not affected by strong telluric absorption,
as it is inside an atmospheric window. Secondly, it is rich in spectral features that can be used
for spectral classification, and many works have already studied them (Kirkpatrick et al. 1991;
Ginestet et al. 1994; Carquillat et al. 1997; Munari & Tomasella 1999). In fact, the CaT itself
is a well known LC discriminator (Diaz et al. 1989).
There are still some unresolved issues related to the SpT and luminosity classification of
RSGs. The number of standard stars of the MK system classified as RSGs is very limited, and
some of them are not very reliable standards, because they present spectral variations of a few
subtypes. Even more dramatic is the situation among M-type RSGs: there is only a handful
of them sufficiently well characterized. Thus, the number of CSGs studied in works dealing
with cool stars in general is really low (e.g. 2 CSGs in Kirkpatrick et al. (1991), 11 in Ginestet
et al. (1994), and 13 in Carquillat et al. (1997)), and they cover mainly the K sequence. In their
spectral atlas of the CaT region at moderately-high resolution, Munari & Tomasella (1999) reach
later spectral types, but only for dwarf and giant stars, never SGs. In fact, the number of SGs
considered by Munari & Tomasella is very low (only 13 CSGs).
Moreover, for M1 and later subtypes, there are TiO bands growing deeper in the CaT
spectral region. The bands affect the line ratios and other measurements used as classification
criteria, yielding most of them useless for M3 and later subtypes (Dorda et al. 2013). Being
so, extrapolation of the classification scheme from earlier types cannot be used. Even the CaT
becomes unable to separate clearly LC I from LC II and LC III (Negueruela et al. 2011).
However, the classification is still roughly possible if the SpT is known, as this will predict the
TiO bandhead depths, and therefore warn about the erosion suffered by other spectral features
(Negueruela et al. 2011, 2012).
1.5 Aim and objectives of this work
Our original objective was to observe and classify a large survey of candidates to RSGs from the
inner Galaxy, in the region of the base of Scutum-Crux arm, to obtain a coherent map of the
recent star formation around known RSG Clusters (RSGCs) there (see for example Negueruela
et al. 2012). These observations were done using the fibre-fed dual-beam AAOmega spectro-
graph, which has almost 400 target fibres for a 2-degree diameter field. Using this instrument we
observed 1655 unique targets in the CaT spectral range, covering the galactic plane one degree
over and below, from l = 24.25 deg to l = 30.25 deg. We will refer to these observations as the
main programme.
Given the large number of observed targets, we needed an automated method to identify
and classify the RSGs in our sample, using the CaT spectral range. For this we decided to use
a very large sample of CSGs from both the LMC and the SMC, including not only previously
known CSGs but also a significant number of new CSG candidates. We observed these stars
in the optical and CaT spectral ranges (also with the AAOmega spectrograph). We used the
optical range to perform their spectral classification following classical criteria. The CaT range
was used to measure its main atomic and molecular features in an automated way. Thus, these
measurements and the classification are independent, as each was obtained from a different
range. We also observed a sample of standards and well known CSGs and bright red giants
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from the MW, to extend the metallicity range we covered. We observed them only in the CaT
spectral region because, since their SpTs and LCs are available in reliable bibliography, we did
not need to classify them.
We used this sample (with almost 600 SGs plus more than 300 non-SGs) as a calibration
group. Through the measurements of their main spectral features in the CaT, we developed
criteria for the identification and classification of CSGs. In addition, during the analysis of the
calibration sample we found unexpected results, an anomalous SpT distribution for LMC RSGs,
which required a more detailed analysis. Even more, through the study of the samples from the
MCs we found answers for some of the main questions that have arisen in the past years about
the physics of RSGs (that have been discussed above), though we have also come across some
new questions on this topic, which will require further work.
Chapter 2
Observations and measurements
In this chapter we present the target selection, observations and data treatment for all the data
used in this thesis. We also explain in detail the criteria for spectral classification that we have
followed and the techniques used for the measurement of spectral features performed over the
observed spectra.
2.1 Magellanic Clouds
Most of the research in this section (all subsections except 2.1.7) was led by Dr. Carlos Gonza´lez-
Ferna´ndez, and was published in Gonza´lez-Ferna´ndez et al. (2015) (from now on, we will refer
to this work as GDN2015). However, the author of the present thesis had a major contribution
to that work (as second author of the paper). Specifically, his contribution was:
- From subsect. 2.1.1, the fibre configurations for the AAOmega observations taken in 2012
and 2013.
- Active participation in the observation run of 2012 (subsect. 2.1.2).
- The whole data reduction (subsect. 2.1.3) and spectral classification (subsect. 2.1.5).
- Substantial participation in the analysis of membership to the MCs (subsect. 2.1.6).
2.1.1 Target selection
The sample from the MCs was built upon three different groups: a set of photometrically selected
candidates, a group of previously known RSGs (from Elias et al. 1985; Massey & Olsen 2003)
and a third group of known YSGs from Neugent et al. (2010) used as low priority targets in
areas of low target density (only in the SMC, as in the LMC we constrained ourselves to an area
of high target density).
The selection of candidates to CSGs was done through the 2MASS photometry (Skrutskie
et al. 2006), because these cool stars are very bright in infrared bands, but also because in this
wavelength regime the peculiar extended atmospheres of these stars stand out. In fact, just
by using 2MASS photometry (Skrutskie et al. 2006), it is possible to define a pseudo-colour
Q = (J − H) − 1.8 × (H − KS) able to separate between blue and red stars. This parameter
has been proved to be a excellent tool to pick out RSGs, as they often show values of Q similar
to those of yellow stars (Q ∼ 0.2− 0.3). This property, combined with their unusual brightness
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Figure 2.1: Proper motion (taken from USNO-B1) relative distribution for putative RSGs of
the SMC (black line) and for all the stars in the field (red line).
in the KS band, allows the definition of purely photometric filters to select this population
while minimizing interlopers. These criteria, combined with spectroscopic follow-up to confirm
the nature of the candidates, have been used successfully and extensively in our own galaxy
(Negueruela et al. 2011, 2012; Gonza´lez-Ferna´ndez & Negueruela 2012) and here we extend
their use to the MCs.
The fact that these dwarf galaxies are not part of the Milky Way has the advantage that
foreground objects are more easily filtered out, particularly if they have large measured proper
motions. Background objects, in contrast with the disc of our galaxy, are scarce and fall outside
the parameter space occupied by RSGs. This comes at the price of a larger distance modulus,
but as RSGs are intrinsically very bright, this is not an important issue. Also, the reddening
towards the clouds is relatively small, with typical values around E(B − V ) ∼ 0.1 (Soszynski
et al. 2002; Keller & Wood 2006) and so the pseudo-colour Q, that relies on the assumption of a
given extinction ratio between bands, will not be affected by variable or non-standard extinction
laws, at least outside the most reddened sites of recent stellar formation.
With all these considerations in mind, we defined a set of selection criteria for RSG candidates
as follows:
- Candidates should have 0.1 ≤ Q ≤ 0.4.
- They have proper motions compatible with the MCs (see Fig. 2.1).
- The brightness divide between RSGs and AGBs is not well established, but RSGs show
normally absolute magnitudes brighter than −8 in the KS band. Taking into account the
distance modulus to the clouds, these stars should appear brighter than KS = 11.
- Lastly, to optimize the observing time, we impose a cut at mI = 13 so that spectra with
high enough S/N can be obtained in less than 30 minutes.
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Table 2.1: Summary of the observations
Blue arm Red arm
Year Nights Grating λcen (A˚) Range (A˚) Grating λcen (A˚) Range (A˚)
2010 3 580V 4500 ∼2100 1700D 8600 ∼500
2011 2 1500V 4400 ∼800 1700D 8700 ∼500
2012 1 1500V 5200 ∼800 1700D 8700 ∼500
2012 2 580V 4800 ∼2100 1700D 8700 ∼500
2013 1 580V 4800 ∼2100 1700D 8700 ∼500
2.1.2 Observations
The traditional spectral classification criteria for stars are normally defined over the blue end
of the optical range. So we needed to observe this range to perform a classification for our
targets independent of their spectra in the CaT spectral range. With the fibre-fed dual-beam
AAOmega spectrograph it is possible to cover both regions of the spectrum for several hundred
objects in a single exposure, making it an ideal instrument for our studies. As it sits on the
3.9 m Anglo-Australian Telescope (AAT) at the Australian Astronomical Observatory, it has
good access to the low latitude fields of the Clouds while offering a collector area large enough
to observe their RSGs in a very efficient manner.
The instrument is operated using the Two Degree Field (”2dF”) multi-object system as front
end, allowing the simultaneous acquisition of spectra through 392 fibres. These fibres have a
projected diameter of 2.′′1 on the sky and are fed into the two arms via a dichroic beam splitter
with crossover at 5 700A˚. Each arm of the AAOmega system is equipped with a 2k×4k E2V CCD
detector (the red arm CCD is a low-fringing type) and an AAO2 CCD controller. While the red
arm was always equipped with the 1700D grating (which provides a resolution of R ∼ 11 000
around the CaT), the blue arm changed between the 580V and 1500V gratings. However, the
blaze of the red arm was centred on 8600 A˚ in the 2010 observations, but on 8700 A˚ at all other
epochs. Therefore, the spectral range covered in 2010 is slightly different to the other years.
A summary of the configurations is offered in Table 2.1. However, since the projection of the
spectrum from each fibre on the CCD depends on its position on the plate, it is not possible
to give a precise common range for each configuration. This effect displaces the spectral range
limits by ∼ 20 A˚ in the red range, ∼ 40 A˚ for the 580V grating in the blue range, and ∼ 20 A˚
for the 1500V grating in the blue range.
The nominal resolving powers (λ/δλ) at blaze wavelength for the 580V and 1500V gratings
are 1 300 and 3 700, while the 1700D grating reaches R ∼ 11 000 around the Ca triplet, allowing
the measurement of line-of-sigh velocities with enough precision for our purposes.
The main body of the SMC was covered with two pointings (Fig. 2.2) that were observed
using 8 different configurations, for a total of 1448 spectra. Only one pointing was devoted to the
LMC (Fig. 2.3), visited with two configurations for a total of 464 spectra. As a subset of targets
were observed using several configurations and some spectra did not reach usable signal-to-noise
(S/N), our sample amounts to a total of 617 individual objects for the SMC, and 314 for the
LMC.
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Figure 2.2: Spatial distribution of targets in the SMC, over a DSS-Red image roughly 3◦ × 3◦
in size.
Figure 2.3: Spatial distribution of targets in the LMC, over a DSS-Red image roughly 4◦ × 2◦
in size. As can be seen, all the targets (from a single AAOmega pointing) are distributed over
a region that covers less than 50% of the galaxy.
2.1.3 Data reduction
Data reduction was performed using the standard automatic reduction pipeline 2dfdr as pro-
vided by the AAT at the time. Wavelength calibration was achieved with the observation of
arc lamp spectra immediately before each target field. The lamps provide a complex spectrum
2.1. MAGELLANIC CLOUDS 37
of He+CuAr+FeAr+ThAr+CuNe. The arc line lists were revised, and only those lines actually
detected were given as input for 2dfdr. This resulted in very good wavelength solutions, with
rms always < 0.1 pixels.
Sky subtraction was carried out by means of a mean sky spectrum, obtained by averaging
the spectra of 30 fibres located at known blank locations. The sky lines in each spectrum were
evaluated and used to scale the mean sky spectrum before subtraction.
2.1.4 Measuring vlos
We measured velocities along the line of sight by calculating the correlation function of our
observed spectra with a suitable template of known non-cosmological redshift. For late-type
stars as the ones here studied, a high resolution spectrum of Arcturus is normally used, but
while for the part of the spectrum with λ > 1 µm this is an adequate standard, as the overall
shape of the spectrum does not change dramatically, this is not the case for the wavelength
range around the Calcium triplet, as in this region the spectrum of successive populations will
be dominated by the Paschen series, then the Calcium atomic lines and lastly TiO molecular
bands. This results in a rather dramatic change in typology, making it very difficult to find a
one-size-fits-all standard to use as comparison.
We have chosen instead to use a whole family of MARCS synthetic spectra taken from
the POLLUX database (Palacios et al. 2010). For each observed spectrum, the most similar
model is selected doing a first pass over the whole set of synthetic spectra using very rough
increments in velocity (∆vlos = 10 km s
−1) and once the best match is selected, a refined value
of vlos is measured calculating the correlation between observation and model using 0.3 km s
−1
increments. These measured velocities where later transformed into the heliocentric system of
reference using the rvcorrect package from Iraf.
Using stars with repeated observations, we can obtain an estimate of the total uncertainty in
vlos, including measuring errors, wavelength calibration, astrophysical noise, etc. As can be seen
in Fig. 2.4, the typical velocity dispersion is around 1.0 km s−1, and we can assume a conservative
99% confidence interval for our measurements of vlos at 4 km s
−1. Another source of dispersion
that needs to be taken into account are possible systematic effects between different observing
runs. Using all the available stars (main program and SMC/LMC backup) we checked for these,
as we have repeated measurements for several objects. Systematic differences in vhel were all
below 1 km s−1 and have not been corrected, as some of the fields (particularly in the LMC)
have very low redundancy and hence is difficult to measure and correct properly for this effect.
For this sample we will only use velocities in a relative sense, to discriminate between pop-
ulations from the MCs and from different Galactic components, and to shift each spectrum to
their rest wavelength. Being so, we only worry about the internal consistency of the calibration,
without the need of an anchor point to check for systematics. In any case, as can be seen in
Fig. 2.5, the derived systemic velocity for the SMC is in very good agreement with the values
from the literature, hinting at a very low systematic residual, if any. This is not the case for the
LMC. Since we are not surveying the totality of the galaxy, we are heavily biased by its internal
dynamic structure, and cannot readily compare with an ”average” galactic velocity.
2.1.5 Spectral classification
For this work, we have omitted the carbon stars and those with SpTs earlier than G, because
they are not CSGs. Moreover, they are not useful for the development of spectral criteria to
separate the SGs from other late-type stars, because their spectra are very different from those
38 CHAPTER 2. OBSERVATIONS AND MEASUREMENTS
Figure 2.4: Histogram of the standard deviation for the measured vlos of repeated observations.
of our target late stars, without their common spectral features and thus easily identifiable.
Nevertheless, we kept late-type, non-supergiant objects, because these stars passed the cut of
the photometric criteria, and therefore represent the kind of interlopers to handle in a survey
looking for RSGs. Therefore any useful spectral criteria should be able to separate these stars
from the CSGs. These interlopers are mainly foreground stars (G, K and early-M dwarfs and
giants), with a smaller number of AGB stars (high-luminosity and late-SpT giants) from the
MCs themselves (but mainly from the LMC in our sample).
To classify the stars observed we used spectra obtained with the blue arm, as they cover the
wavelength range where classical classification criteria are defined (Morgan et al. 1943; Fitch &
Morgan 1951; Keenan & McNeil 1976; Keenan & Wilson 1977; Keenan & Pitts 1980; Morgan
et al. 1981; Turnshek et al. 1985; Keenan 1987). These criteria were complemented with our own
secondary indicators, whose variation with spectral type (SpT) and luminosity class (LC) we
derived through visual comparison between the spectra of known standards. These were taken
from the Indo-US spectral library (Valdes et al. 2004) and the MILES star catalogue (Sa´nchez-
Bla´zquez et al. 2006), and degraded to our spectral resolution (roughly a FWHM of 2.1 A˚) when
needed. The complete list of standards used for the classification is shown in Table A.1.
Humphreys (1979) reported that the metallicity differences between the Milky Way (MW),
the LMC and the SMC do not change the behaviour of the atomic line ratios and other spectral
features used in the spectral classification of RSGs. Therefore, it is possible to use MW standards
as comparison, and the same criteria developed for RSGs in one galaxy are applicable to the
others, as long as they are based on line (or band) ratios and not line (or band) strengths.
With our extended sample, we can confirm that there are no apparent differences in the spectra
of RSGs from both clouds, even considering that our sample covers a rather broad spread in
spectral types. In consequence, we adopted the same criteria for both MCs, using Galactic
standards as comparison.
We have performed our own classification for all the stars observed, even those with early
SpTs (most of them part of the YSG control sample). As this work centres around CSGs, we
will only discuss the detailed classification of stars with spectral type later than G0. This also
avoids the metallicity effects over the classification of earlier spectral types, that is more heavily
affected by this parameter (cf. Evans & Howarth 2003). We have also found some carbon and
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S-stars among our targets, but these are easily identified due to their very characteristic spectra.
As these are interlopers in our sample, we did not perform any further analysis on them.
Spectra observed with the 580V grating cover roughly from 3730A˚ to 5850A˚ (the exact limits
depend on fibre position), but the S/N blueward of ∼ 4500 A˚ is very low for many of our stars
(this is not the case for the earlier spectral types). In consequence, most of our classification
criteria lie between 4500 A˚ and 5850 A˚.
The main LC indicators that we used are the ratios between the lines of the Mg i triplet (MgT
onward), whose wavelengths are 5167 A˚, 5172 A˚ and 5184 A˚ (Fitch & Morgan 1951). From G0
up to ∼M3, Mg i 5167 A˚ is clearly deeper than the other lines for LC I. When the three lines
present similar intensity (although Mg i 5167 A˚ tends to be slightly deeper than the other two),
the star is classified as LC II. Finally, if Mg i 5184 A˚ is deeper than Mg i 5167 A˚, the star is a
giant (LC III) or a less luminous star. These ratios change slowly with SpT: from G0 down
to early-M subtypes the lines Mg i 5172 A˚ and Mg i 5184 A˚ increase their relative intensity to
Mg i 5167 A˚ slowly. This SpT-dependent behaviour introduces some uncertainty for the least
luminous SG (LC Ib) and the most luminous giants (LC II), but its effect is not severe enough
to complicate the identification of mid- and high-luminosity SGs (Iab, Ia).
There are a number of other spectral features that we used to confirm the LC derived from
the MgT, but which require a previous knowledge of the SpT, at least approximate. There are
two features which are useful for a first SpT estimation. Depending on it, we will apply more
specific criteria later to give a more precise classification, as explained below. Firstly, for early-
and mid-G stars there is an unidentified line at ∼5188 A˚. It is deep at early G subtypes, but
becomes weaker quickly for later subtypes, becoming unnoticeable at ∼G6. Secondly, there is a
TiO bandhead at 5167 A˚, whose growth with SpT changes the shape of the MgT and the nearby
continuum. This band is first noticed at K1, as a depression of the continuum intensity between
Mg i 5167 A˚ and Mg i 5172 A˚. At late-K subtypes, it clearly affects the whole MgT, decreasing
the depth of these lines, and also the nearby continuum. For M3 or later spectral types, the
MgT is useless for LC identification because of the effect of the TiO band on it. We detail here
the criteria derived from these behaviours:
- If the atomic line at ∼5188 A˚ is clearly noticeable, the SpT is earlier than G7.
- If the line at ∼5188 A˚ is not noticeable, but the continuum between Mg i 5167 A˚ and
Mg i 5172 A˚ is not clearly affected by TiO 5167 A˚, the the SpT is between G7 and ∼K1.
- While the MgT lines and the TiO 5167 A˚ bandhead are all noticeable the SpT is between
∼K1 and ∼M3.
- If the lines of the MgT are so affected by the TiO that they are no longer useful for LC
classification, then the SpT is M3 or later.
Once, the SpT is approximately determined, we may confirm the LC. There is a ratio between
the group formed by the three Fe i lines (at 5247 A˚, 5250 A˚ and 5255 A˚) and the blend at 5270 A˚
(formed by lines of Ca i, Fe i and Ti i) that is indicative of the LC (Fitch & Morgan 1951). While
the blend at 5270 A˚ barely depends on luminosity, the Fe i group around 5250 A˚ is very sensitive
to it. However, there are two limitations. This ratio is useless for early- and mid-G stars because
the Fe i blend is so weak at these subtypes that its changes between different LCs are too small.
In addition, the ratio varies slowly with SpT, thus it is important to have an estimation of it
(through the MgT) prior to compare the lines. The ratio of Mn i 5433 A˚ to Mn i 5447 A˚ is also
indicative of the LC. For stars earlier than K1, Mn i 5433 A˚ is more intense than Mn i 5447 A˚ at
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LC I, similar at Ib – II and slightly fainter for LC III. In stars with K or early-M subtypes, the
intensity of both lines is similar even for Iab stars. This criterion becomes useless for subtypes
M3 or later because of the growth of a TiO band at 5447 A˚. When the spectral region from
4100 A˚ to 4500 A˚ had enough S/N, we used the ratio of Fe i+Y ii at 4376 A˚ to Fe i at 4383 A˚
(Keenan & McNeil 1976). For LC III, Fe i 4376 A˚ is more intense than the other, but at LC I it
is similar or just slightly weaker. This ratio is useful for all SpTs earlier than ∼M5.
Once we established the LC and an estimation of the SpT of a given star, we establish with
more precision its spectral subtype and, if the stars is a SG, its luminosity subclass (Ia, Iab, Ib).
If the SpT was estimated earlier than G7, we used the following criteria. The Balmer lines
decrease in strength along the SpT sequence for the range we handle, while at the same time
metallic lines become more intense. Thus, for the identification of G and earlier subtypes we
used the ratio of the Hβ and Hγ transitions with respect to other nearby metallic lines. For those
stars with enough S/N in this region, we also compared Hγ to the G – band (mainly formed by
CH absorption, it spans from 4290 A˚ to 4314 A˚): F stars have a Hγ deeper than the G – band,
at G0 both features have similar depths and from that subtype down to mid-G, the G – band
becomes dominant. When we could not use these features because of the low S/N in the blue
side of our spectral range, we used four other ones at redder wavelengths. Unfortunately they
are far less clear as criteria. Firstly, the ratio of Hβ, which has a similar behaviour to Hγ, to
nearby metallic lines. Secondly, the ratio of the line at ∼5188 A˚ with respect to the MgT lines,
because this line decreases along G subtypes, disappearing finally at ∼G7. Thirdly, the line
Cr i+Mn i at ∼5298 A˚ because for F I stars it is similarly weak to the Fe i+Cr i line at 5302 A˚,
while for G0 I or later stars it is clearly deeper. Finally, the lines Fe i 5429 A˚ and Mn i 5433 A˚ are
similar to Fe i 5424 A˚ in G0 I stars, but they grow towards later SpTs faster than the Fe i 5424 A˚
line does. In consequence, at ∼K1 I the first two lines are approximately twice as deep as the
other one.
For late-G and early-K subtypes the changes in the spectra along the the SpT sequence
are subtle. We used as criteria the small changes in the ∼5188 A˚ line, and the shape of the
continuum between Mg i 5167 A˚ and Mg i 5172 A˚: although the TiO band at 5167 A˚ is only
clearly noticeable beyond K1, it is possible to observe the variation of this continuum from G7
to K1 as the band grows.
The subtypes from early-K up to early-M were identified attending to the changes in the
shape of the metallic lines caused by the rise of TiO bands. The effects of these bands over
the spectra are noticeable from K0 onwards, and the sequence of M subtypes is defined by the
depth of their bandheads (Turnshek et al. 1985). There are two TiO bands whose rise becomes
noticeable at K1, one at 5167 A˚ and the other at 5447 A˚. The first one changes the shape of
the continuum between MgT lines in a very apparent way (as has been explained above in this
section). The second one affects the lines Mn i 5447 A˚ and Mn i 5455 A˚, whose ratio of depth is
indicative of the SpT. For G and earl-K subtypes, Mn i 5447 A˚ is deeper than Fe i 5455 A˚. This
ratio begins to change at K3, despite the growth of the TiO 5447 A˚ band from ∼K2 onward
or maybe because of it. At K4 the depths of both lines become equal, and at K5, Fe i 5455 A˚
is deeper than Mn i 5447 A˚. When the LC is III, the TiO 5447 A˚ band becomes noticeable at
later subtypes (∼K3) than in the case of LC I. The K5 subtype can also be identified through
the TiO band at 4954 A˚. It affects the continuum between the Fe i 4957 A˚ line and the blend of
Cr i and Co i at 4966 A˚.The intensity of this region of the continuum decreases because of the
bandhead, and by K5 its depth is half that of the atomic lines around it. The transition from
K5 to M2 subtypes can be identified using the depth of the TiO bandheads at 4954 A˚, 5167 A˚
and 5447 A˚, as they grow for later subtypes.
For the spectral classification of the mid- and late-M subtypes we used a number of TiO
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bandheads, because the appearance of each one is characteristic of a given subtype (Turnshek
et al. 1985), as we indicate here:
- M2: The main criterion is the appearance of the TiO band at 4761 A˚. There are other
three TiO bands useful to identify this subtype, at 5598 A˚, 5629 A˚ and 5661 A˚, but they
are outside the observed spectral range for most of our stars.
- M3: The appearance of the TiO bands at 4804 A˚ and 5003 A˚.
- M4: The appearance of the TiO bands at 4584 A˚, 4626 A˚ and 4848 A˚, but specially the
last one, because it is easier to identify.
- M5: For this subtype there is only one indicative TiO band, at 5569 A˚, but it was not
inside the observed spectral range of all our stars.
We also used the spectral features located between 5700 A˚ and 5800 A˚ when available, be-
cause not all the observed spectra include this whole range. This region contains many lines and
bands useful to classify mid- and late-M subtypes. The line V ii 5731 A˚ is clearly present in all
K subtypes, but it diminishes quickly along early-M subtypes: at M1 – M2 the line is very weak
and at M3 it is almost gone. The line Mn i 5718 A˚ has the opposite behaviour. It is not notice-
able before early-M subtypes, but it grows quickly along the M sequence. It is an intense line
at M2 – M3, but not so deep as the line V i 5727 A˚. Because of the apparition of an unidentified
band in this region, at ∼M4.5, both lines, Mn i 5718 A˚ and V i 5727 A˚ reach roughly the same
depths. At ∼M5, Mn i 5718 A˚ becomes deeper than the other. The M5 – M5.5 subtypes can be
identified by the VO band at 5737 A˚, as its bandhead reaches a similar depth to V i 5727 A˚.
Finally at M6 the VO band becomes deeper than the V line, and similar to Mn i 5718 A˚. The
TiO 5759 A˚ band is first noticed at M0. Its growth affects the Ti i 5762 A˚ line, and also the
continuum at the red side of the Ti line. At M2 this continuum is depressed down to the half
depth of the Ti line, and at M4 the line has fully disappeared because of the band. At M6 the
bandhead of VO 5737 A˚ has almost the same depth as TiO 5759 A˚, becoming clearly deeper
than it at M7, and doubling the depth of the TiO bandhead at M8.
For spectra observed with the 1500V grating, because it provides a higher resolution but
covers a shorter spectral range, we used different criteria, although the methodology was the
same. We identified the LC using the following ratios from Keenan & McNeil (1976): the blend
of Fe i and Sr ii at 4216 A˚ to the Ca i line at 4226 A˚, the blend of Fe i and Y ii at 4374.5 A˚ to the
Fe i line at 4383 A˚, and the line of Fe i at 4404 A˚ to the blend of Fe i, V i and Ti ii at 4409 A˚. In
all cases, the ratios are ∼1 in LC I and 1 for less luminous stars (LC III – V).
The SpT can be evaluated by comparing Hδ at 4102 A˚ and Hγ at 4341 A˚ with nearby metallic
lines. For F or earlier subtypes, Hγ is clearly dominant, while for early-G subtypes the depth
of Hγ has decreased, and it is similar to that of the G band. However, this decreasing stops at
mid-G because of the growth of metallic lines blended with Hγ.
From G down to early-M subtypes, the blend of Fe i, Cr i and Ti ii at 4344 A˚ and the line of
Fe i at 4347 A˚ grow for later subtypes faster than the blend of Mg i, Cr i and Fe i at 4351 A˚ do.
Therefore, for early- and mid-G subtypes Fe i 4347 A˚ is weaker than the blend at 4344 A˚, and
only for the most luminous stars (LC Ia) both features have similar depths. Since Fe i 4347 A˚
grows deeper for later subtypes, at late-G subtypes it is similarly deep than the blend, being
lightly weaker than it in in low luminosity SGs (LC Ib), and slightly deeper in high luminosity
SGs (LC Ia). We note that, even though these three lines vary with LC, they can be used to
determine SpT because we can constrain previously the LC parameter with other indicators. At
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early-K subtypes, Fe i 4347 A˚ is only slightly weaker than the other two lines, while the blend
at 4344 A˚ has a depth between those of the other two lines. At mid-K subtypes (K2 – K4),
Fe i 4347 A˚ is similarly deep to the blend at 4344 A˚ in any LC I star. At K5 and early-M
subtypes, Fe i 4347 A˚ reaches the same depth than Fe i 4351 A˚, while the blend at 4344 A˚ is only
slightly less deep than Fe i 4351 A˚.
Once we established approximately the LC and SpT, then we used other criteria to confirm
them, obtaining the definitive classification. The behaviours of the blends of Fe i and Co i at
4579 A˚, the line of Fe i at 4583 A˚, and Fe i, Cr i and Ca i at 4586 A˚ can be used to determine
the subtype in the late-G and K spectral sequences. We note that the Fe i 4583 A˚ line and the
blend at 4586 A˚ are sensible to luminosity, and thus, its is necessary to know the LC before to
use them. In early-G stars Fe i 4583 A˚ is clearly stronger than the blends, but at G5 – G6 it
becomes similar to them in case the LCs are Ia or Iab, and only slightly weaker if the LC is Ib.
At K0 – K1 only in the most luminous SGs (LC Ia) Fe i 4583 A˚ is still similar or slightly deeper
than the blend at 4579 A˚. At K2 the line is less depth than the blend. At K3, the blend at 4586 A˚
and Fe i 4583 A˚ are similarly deep, and at K4 the blend is clearly stronger than the Fe line. At
early-M subtypes a TiO band appears at 4584 A˚, and it begins to affect to Fe i 4583 A˚ and to
the blend at 4586 A˚. Because of this, at ∼M2 the blend at 4586 A˚ seems to be deeper than the
blend at 4579 A˚. At ∼M3 these lines become useless due to the effect of the TiO band on them.
We also used the ratios of Fe i 4251 A˚ to Fe i 4254 A˚ and Fe i 4280 A˚ to the blend of Fe i and Ti i
at 4282 A˚. In subtypes earlier than K2, Fe i 4251 A˚ is deeper than Fe i 4254 A˚, and Fe i 4280 A˚ is
deeper than blend at 4282 A˚. However, at K3 both, Fe i 4254 A˚ and the blend at 4282 A˚ become
slightly deeper than Fe i 4251 A˚ and Fe i 4280 A˚ respectively. In the spectral range covered by
the 1500V grating, the effects of the TiO bands begin at early-M subtypes. Actually, the TiO
bands are not clearly observable down to ∼M3. To classify the early-M stars we used the TiO
band effects on the spectral ranges from 4580 to 4590 A˚ and from 4710 to 4720 A˚. At M3 – M4,
TiO 4584 A˚, TiO 4626 A˚ and TiO 4761 A˚ are clearly noticeable, but the last one is not inside
the observed spectral range of all our spectra.
Once we finished the classification, in order to facilitate the later calculations, we parametrized
SpT and LC over a linear scale, assigning integers to each type and class. In those cases in which
we doubt between two consecutive classifications, we assigned the intermediate half-integer value.
There is some overlap between different SMC observations in the same epoch. As we per-
formed the classification for each of the spectra of these redundant targets independently, we
can use use them to test the internal coherence of our classification scheme. The final SpT and
LC for these stars were obtained by averaging and using the S/N of each spectrum as weight,
rounding the final figure to the closest entire or semi-entire number.
The mean differences between the spectral classifications of these repeated targets are given
in Table 2.2. As can be seen, the differences in both LC and SpT are of the order of the
classification step, as long as we take into account that we assigned semi-entire SpT only in
those cases where the classification between two consecutive subtypes was not clear.
Attending to the obtained differences in our classification, we have assumed an uncertainty
of ±1 in SpT and ±0.5 in LC for all our stars, even if there are no repeated observations for the
LMC, as the observing conditions and the classification scheme were the same for all fields.
Of all the stars with more than one observation in the same epoch, there are a few that
present large discrepancies between epochs. Even if the numbers are compatible with normally
distributed errors, we revised all these spectra to check the source of these differences. In many
cases it is due to one of the spectra having low S/N. In these cases, as our final classification was
done using the S/N as weight, the final result will be dictated by the high S/N classification.
2.1. MAGELLANIC CLOUDS 43
Table 2.2: Repeatability of our spectral and luminosity classification using stars with multiple
observations in the same epoch.
∆(LC) ∆(SpT) Number of stars
2010 0.4 1.2 99
2011 0.4 0.8 101
2012 0.4 0.9 129
Weighted average 0.4 1.0 329
Other stars have good S/N in all their spectra, and differences arise due to the lack of enough
standards for some spectral subtypes and luminosity classes. This is the case of many early and
mid-G stars.
The full list of targets observed in the MCs with their classification is in the Tables A.3
and A.4. We provide a summary of the observations and classifications done in each epoch in
the Table 2.3. We note that most of the group of previously known RSGs selected from the lists
of Elias et al. (1985) and Massey (2003) were observed in more than one epoch. Thus there is
an overlapping of observed CSGs between epochs. In these tables we have omitted carbon and
those with SpTs earlier than G, because they do not have interest for this work.
Finally, we want to stress that our spectral classifications are merely morphological. When we
classify an object as a supergiant, we are simply stating that several significant spectral features
in its spectrum look more like those of supergiant standards than those of giant standards. We
are not making any assumption about the physics of the stellar interior. Even though there is
a generally excellent correlation between spectral type and physical characteristics, this does
not always have to be the case. For example, recently Moravveji et al. (2013) have presented
evidence that α Her, an M5 Ib – II MK standard and anchor point of the classification system
(because it is the high-luminosity standard with a later spectral type), is an AGB star of only
∼ 3 M.
2.1.6 Membership to the clouds
The velocity distribution of our potential SMC sources can be accurately modelled by a Gaussian
distribution with parameters (µ = 149.6 km s−1, σ = 23.7 km s−1), while for the LMC these
become (µ = 271.4 km s−1, σ = 15.3 km s−1), as can be seen in Fig. 2.5. Based on this, an
initial clean-up of the sample can be obtained using hard cuts in vhel, using ±3σ as threshold.
Yet the populations from the MW and the MCs cannot be separated based purely on dynamical
criteria, as there are halo stars that show velocities compatibles with those of the clouds. This
can be seen in Fig. 2.6, where the sources are colour labelled according to their LC. Both for
the LMC and the SMC there are stars of classes III to V within the dynamical envelope of the
clouds but with apparent magnitudes incompatible with their distance modulus and spectral
classification. The only way to weed out these interlopers is through detailed spectral tagging.
On top of these MW populations, the transition from RSG to AGB is smooth, and so
both very luminous AGBs and carbon stars will appear in photometrically selected samples.
Although these will indeed be part of the clouds, in order to ensure a pure sample of SGs, it is
again mandatory to perform a good spectral characterization of the sources.
Using both vlos and the spectral classification, we can perform the last cleansing of the sample
in order to produce a catalogue of SGs in the MCs. The results from the different stages of this
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Table 2.3: Summary of the targets observed and classified in the observation of the MCs. They
have been split by galaxy, epoch, LC and SpT. We note that non-CSGs from the SMC and the
LMC are mostly foreground objects (see Section 2.1.6) from these surveys, and therefore they do
not belong to the MCs. We also note that there is about a hundred SGs of each galaxy observed
in multiple epochs. Therefore we indicate also the total number of unique stars observed in each
galaxy.
Galaxy (epoch) SpT Number of
LC I LC II – III LC IV – V Total
G 32 0 0 32
SMC (2010) K 63 1 0 64
M 12 0 0 12
All 107 1 0 108
G 10 0 0 10
SMC (2011) K 90 1 0 91
M 4 0 0 4
All 104 1 0 105
G 116 25 66 207
SMC (2012) K 151 54 36 241
M 36 7 7 50
All 303 86 109 498
Total SMCa Allb 315 87 109 511
G 1 0 0 1
LMC (2010) K 28 0 0 28
M 55 0 0 55
All 84 0 0 84
G 6 2 0 8
LMC (2013) K 94 16 4 114
M 124 37 1 162
All 224 55 5 284
Total LMCa Allb 229 55 5 289
Notes. (a) Unique targets observed in any of the the epochs. (b) We do no split the total number by
their SpTs because there are stars observed in more than one epoch which present spectral variability
(showing a different Spt in each epoch).
process are shown in Table 2.4. The final sample contains a total of 160 SGs in the SMC and
123 in the LMC. Of these, 70% are previously unknown SGs.
2.1.7 Bolometric magnitudes
To calculate the bolometric magnitudes (mbol) of the stars from MCs, we have chosen the
bolometric correction (BC) proposed by Bessell & Wood (1984), because it is given as a function
of (J − K), and our data show a clear trend between SpT and this colour (see Fig. 10 in
GDN2015).
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Figure 2.5: Observed heliocentric velocities for all the sources in the samples of the LMC (red)
and the SMC (black). Over-plotted with dashed lines are Gaussian fits to the distributions, and
their µ is marked with a vertical dashed lines. For comparison, the blue vertical lines denote
the systemic velocities for the clouds (taken from Massey & Olsen 2003).






























Figure 2.6: Plot of the apparent magnitude versus the vhel for the observed sources. Squares
mark candidates for the LMC, circles do so for the SMC and stars are left for carbon stars. The
colour coding denotes LC, see Sect. 2.1.5 for an explanation of the chosen parametrization.
The reddening to the clouds is relatively small, with typical values around E(B − V ) ∼ 0.1
(Soszynski et al. 2002; Keller & Wood 2006). Some CSGs exhibit heavy mass-loss, and so we
might expect some amount of circumstellar extinction in these objects. However, the CSGs with
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Table 2.4: Filtering of the original sample of candidates according to several criteria. In paren-
thesis are the carbon stars with vhel not compatible with the clouds and the number of previously
undetected SGs.
Cloud Total vlos filter LC filter Carbon Final sample
LMC 237 203 125 48 (3) 123 (70)
SMC 400 179 162 10 (0) 160 (128)
larger mass-losses tend to be those with later SpTs (see GDN2015). Since most of our sample is
M3 or earlier, we should expect few stars to present significant self-absorption. In addition, the
reddening for the J and K bands is much lower than for optical bands (AK ∼ 0.1AV ; Cardelli
et al. 1989). Therefore, we do not expect the mbol calculated to be significantly affected by
extinction for any of our stars. In any case the effect of the reddening would be smaller than
the effect of the position of our stars inside the clouds (e.g., the SMC has a depth of 0.15 mag;
Subramanian & Subramaniam 2012). Thus, we have not corrected our magnitudes for this effect.
Many of our CSGs may be variable stars, but the typical photometric amplitudes decrease
with wavelength (Robitaille et al. 2008), and we may expect very small variations for 2MASS
bands, e.g. Wood et al. (1983) found that RSGs do not have amplitudes larger than 0.25
magnitudes in the K band. In consequence, photometric variability should not affect in a
significant way the value of mbol and so we may use these bolometric magnitudes in combination
with information derived from spectra or other IR photometric bands even if they were taken
at different epochs.
The photometric data used for this calculation are the J and KS magnitudes from 2MASS
(Skrutskie et al. 2006). We transformed the 2MASS magnitudes to the AAO system used by
Bessell & Wood (1984), and then calculated the corresponding mbol. Finally, the distance moduli
to both MCs are well known, and so we have calculated the absolute bolometric magnitudes
(Mbol), using µ = 18.48 ± 0.05 mag for the LMC (Walker 2012) and µ = 18.99 ± 0.07 mag for
the SMC (Graczyk et al. 2014).
We have studied the relation between these BCs, calculated after Bessell & Wood (1984),
and the constant BC= 2.69 mag for the KS band proposed by Davies et al. (2013), independent
of the observed colours. We have to note that there is a systematic difference between the SMC
and the LMC in both cases, because Bessell & Wood (1984) used two separate formulas to
calculate the BCs, one for CSGs from the MW and the LMC, and the second for those from
the SMC. The only difference between both formulas is a constant of 0.12 mag. We find a very
good agreement (r2 = 0.998; see Fig. 2.7) between our values and those obtained through the
BC of Davies et al. (2013). This is because most of our stars have a (J−KS) ∼ 1 mag, and then
the BC from Bessell & Wood (1984) is about 2.7 mag (2.7 mag for the LMC and 2.6 mag for the
SMC, applied to KS). However, the (J −KS) colour for stars in our sample ranges from 0.6 mag
(early G) to 1.5 mag (mid M). For the extreme values of this range, the BC correction of Bessell
& Wood (1984) differs significantly from a constant value of 2.69 mag – at (J −KS) = 0.60 mag,
BC is 1.9 mag for the SMC, while at (J − KS) = 1.5 mag BC is 3.2 mag in the LMC. As we
show in Fig. 2.7b, the differences are specially large for those CSGs with SpTs specially early or
late (reaching up to 0.8 mag of difference). Thus, we have chosen to use throughout this work
the expression from Bessell & Wood (1984) to calculate Mbol, because it takes into account the
changes in the SED due to temperature, which is reflected in the (J −KS) colour.
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Figure 2.7: Comparison of different bolometric magnitudes. The adopted magnitudes were
calculated through the J −K colour, following Bessell & Wood (1984), and are put in abscissa
in both figures. Colour indicates the SpT. Shape identifies the galaxy: circles are from the SMC,
squares from the LMC. The black cross represents the median uncertainties. Left (2.7a): The
ordinate show the bolometric magnitudes calculated from the KS band through through the
constant BC= 2.69 mag, as was proposed by Davies et al. (2013). Right (2.7b): The ordinate
show the difference between the bolometric magnitudes calculated through the two analysed
ways.
2.2 Galactic standards
We decided to complement the data from the MCs with stars from the Galaxy, for two main
reasons. Firstly, although the sample from the MCs provide a statistically significant number of
CSGs, the number of mid- and late-M stars in it was small. These subtypes are not so frequent
in the MCs as they are in the Milky Way, because CSGs tend to have earlier SpTs at lower
metallicity (see Section 1.2.3). Secondly, we wanted to include objects covering a broad range
of metallicities, so that we could understand the effect of chemical composition in our criteria.
In addition, a sample at approximately Solar metallicity is needed to check the validity of our
criteria for the range of metallicities that we may expect to find among the stars that Gaia will
observe towards the Inner Galaxy. Thus, we have observed a significant number of MK standards
(or at least stars with spectral classification determined by Keenan & McNeil 1989, presenting
LCs from I to III), and other well known CSGs from the Perseus arm. All these objects have
spectral classifications that have been repeatedly confirmed in the literature, and therefore we
considered them well characterised, and did not perform our own optical classification. Thus,
we did not need to observe the optical range. We provide here a summary of the stars observed
in Table 2.5. The complete list of the observed galactic stars is shown in Table A.2.
The stars from the milky Way were observe along four different campaigns, one in 2011,
two in 2012, and one in 2015, using the Intermediate Dispersion Spectrograph (IDS) attached
to the 2.5 m Isaac Newton Telescope (INT) in La Palma (Spain). We used grating R1200R
with the RED+2 CCD mounted with its 4096 pixel axis along the wavelength direction. This
configuration covers a 572 A˚ wide spectral range centred at 8500 A˚ (covering the spectral range
around the CaT), with a resolution R ∼ 10 500, very similar to the resolution of the data
observed with the AAOmega (R ∼ 11 000).
IDS is a classical long-slit spectrograph, and so reduction of these observations was carried
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Table 2.5: Summary of the galactic stars observed, split by LC and SpT.
SpT Number of
LC I LC II – III LC IV – V Total
G 2 0 0 2
K 11 7 0 18
M 49 47 0 96
Total 62 54 0 116
out in the standard manner, using the iraf facility1. As a last step, we obtained velocities along
the line of sight for these objects. This calculation follows that outlined in Negueruela et al.
(2012), with only one particularity: to correct the wavelength calibration from instrumental
flexures, we use the subtracted sky spectrum to cross-correlate the sky emission lines between
objects. By doing this, we guarantee that all our measurements will have the same instrumental
signature that can then be corrected by comparing with velocity standards.
2.3 Perseus arm
2.3.1 Target selection
We performed an exploratory spectroscopic survey of the Perseus Arm looking for RSGs, because
this region is rich in young clusters and OB associations (among which Perseus OB1 is the most
prominent), where RSGs can be found. Thus, there is a large number of RSGs, many of them
already known: Several RSGs were identified in the seventies (Humphreys 1970, 1978), but the
area has remained largely untapped since then. Using these two works as a guide, we performed
a detailed photometric study to uncover RSG candidates:
• From Humphreys (1978) we selected those regions with detected RSGs and distance moduli
coherent with being part of the Perseus arm.
• Using these moduli, along with the measured AV , we selected from 2MASS those sources
with K band magnitudes bright enough to be a RSG, assuming an intrinsic MK = −5.
This step gets rid of all of the background and most of the foreground undesired population,
leaving only as interlopers nearby dwarfs and giants with types later than M3.
• The filtered sample was then cross-correlated with well known as USNO-B1 and UCAC3,
obtaining I band magnitudes and proper motions. Candidates are required to have (I −
K)0 > 2 (roughly, a K0 star) and proper motions similar to those of the already known
blue and red supergiants in the field. This step cleans the sample of most of the foreground
stars, as they have larger motions.
• The remaining catalogue was then submitted to SIMBAD and all the stars with already
confirmed spectral types were removed, although we kept ∼ 100 previously studied RSGs,
for a number of reasons: check spectral variations, test the efficiency of our methods and
provide a comparison sample. Actually, 43 of them were used for the calibration sample
(see Section 2.2), and thus, we are not considering them as part of this sample.
1IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association
of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation
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2.3.2 Observations
The targets were observed along two different campaigns, one in 2011 and another in 2012,
using the Intermediate Dispersion Spectrograph (IDS) with the same configuration used for
galactic standards in Sect. 2.2 (R1200R with the RED+2 CCD; spectral range centred at 8500A˚;
R ∼ 10 500).
The reduction was carried out in the standard manner, using the iraf facility2. We also
obtained velocities along the line of sight for these objects, following the same method than
in Sect. 2.2. In total we observed unique 637 targets, 102 in 2011 and 535 in 2012, without
any overlapping between epochs. However, 43 of them (1 from 2011 and the rest from 2012)
are CSGs with well stablished SpTs, and thus, they were used for the calibration sample, not
counting them for the final Perseus sample. We provide the complete list for the Perseus sample
in Table C.1, but it does not include the 43 known RSGs, as they are given in Table 2.5.
2.4 Base of the Scutum-Crux arm
2.4.1 Target selection
The criteria used for target selection are similar to those adopted by Negueruela et al. (2012),
as we have the same objective: to find RSGs near the base of the Scutum-Crux spiral arm. The
only changes are those that take into account the different instrumentation used.
For this survey we selected candidates inside the region of the Galactic plane (from b =
+1.0 deg down to b = −1.0 deg), defined by the galactic longitudes l = 24 deg and l = 30 deg.
In addition, in 2012 we covered two other fields in the plane, one centred on l = 20.0 deg and
the second centred on l = 15.0 deg.
For the photometric selection in the region defined, in first place we used 2MASS photometry
(Skrutskie et al. 2006), to impose three conditions on our selection:
• The stars in the Scutum-Crux arm base are expected to be heavily reddened. Thus, a
minimum reddening was required. We selected only those targets having (J − KS) >
1.5 mag.
• Despite the long distance and high extinction, the confirmed members of RSGC3 have
KS ∼ 5–6 mag. Thus we imposed a photometric cut at KS ≤ 7 mag.
• The pseudocolor QIR = (J −H)− 1.8× (H −KS) is a reddening-free parameter that can
be used to select RSGs, rejecting foreground red clump giants (see Section 2.1.1). Thus,
we imposed on our targets a QIR value between 0.1 and 0.4 mag.
• In addition, we did not use any target with a quality flag in any of the 2MASS bands
worse than ”D”.
The resulting list was crossed with the DENIS and USNO-B.1 catalogues. From the first one
we used its Gunn i band (0.8 µm), and from the second its photographic near-infrared I band.
We rejected those targets with I < 10, to avoid unreddened targets. Then, we selected those
stars with I < 12.5 mag as targets for ”bright” configurations (with shorter exposure times),
and those with I between 12.5 mag and 15.5 mag for the ”faint” configurations.
2IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association
of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation
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Table 2.6: Summary of the fields and targets observed in the Scutum arm. We note that the
targets indicated may be repeated between epochs: the total number of targets observed is 2240,
but there are only 1633 unique targets among them. We also note that we are not taking into
account those targets that have not been considered for this work because of their low S/N.
Centred in Number of targets
gal. coord. observed in...
Field l deg b deg 2010 2011 2012
Field l15 15.11 +00.07 – – 138
Field l20 20.12 +00.16 – – 159
Field l25 24.83 −00.02 – – 249
Field l26 26.25 +00.00 469 469 278
Field l28 27.75 +00.00 – 252 –
Field l29 29.13 +00.00 36 190 –
Total targets 505 911 824
Total unique targets 388 794 707
2.4.2 Observations
The observations were done using the multiobject spectrograph AAOmega, at the Anglo-Australian
Telescope (AAT). The details of this instrument are specified in Section 2.1.2. We chose this
instrument because its high number of fibres and the size of its field of view allowed us to explore
efficiently the specified region of the Galactic plane.
In all our epochs, the same gratings were used: the 580V for the blue arm and the 1700D
for the red one. However, we did not expect to observe anything in the blue spectra, because of
the high extinction. We only expected to see a valid spectrum in the spectral range covered by
the red arm. The Red arm was centred in 8600 A˚ during the observations of 2010, but for those
done in 2011 and 2012, the centred was shifted to 8700 A˚.
We created the configurations from the selected target list, covering the whole area of study,
although not all the fields were observed in all epochs. The fields that were observed in multiple
epochs have many repeated targets, to explore the variability of our targets. However, we also
changed part of the targets in these fields from one year to another. A summary of the fields and
targets are given in Table 2.6, and a visual reference is shown in Fig. 2.8. In total, we obtained
2240 useful spectra, but among them only 1633 are unique targets.
2.4.3 Data treatment
The reduction was performed in the same way as for the MC samples, following the steps detailed
in Section 2.1.3. After this, we calculated the radial velocities using the method detailed in
Section 2.1.4. Moreover, since the MCs were observed during the same campaigns (and the
same nights) as the Scutum fields, the analysis for systematic errors is fully applicable to the
present results.
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Figure 2.8: Spatial distribution of the observed targets in the main region covered by the Scutum
survey (from l = 24 deg up to l = 30 deg). The coloured areas represent the fields covered by
the AAOmega: yellow for the field l25, red for field l26, blue for field l28, and green for field l29
(see Table 2.6 for details). The shape and colour of the points indicate the epoch: green squares
for 2010, white crosses for 2011, and cyan circles for 2012. The large white circles indicate the
location of the known RSGCs in the area (from low to high galactic latitudes: RSGC1, RSGC2
or Stephenson 2, Alicante 10 and RSGC3. The image, in false colours is, a combinations of the
three 2MASS bands.)
2.5 Spectral measurements
To characterize the CaT region we selected the main atomic and molecular features present
along the common spectral range that we have for all stars (from 8450 A˚ to 8870 A˚), including
known SpT and LC indicators, but also those not used previously. We show examples of the
spectra used, indicating the features measured, in Figs. 2.9 and 2.10. In total, we measured
47 atomic features and 4 molecular bandheads. See Tables B.1 and B.2 for the complete and
detailed list.
Before the measurements were done, each spectrum was shifted to their rest wavelength,
using the previously calculated radial velocities. Then, the spectral features were measured.
This was done differently for the two types of features present in our spectra, atomic lines and
molecular bandheads.
Atomic lines
For the atomic spectral lines, we decided to measure their equivalent widths (EWs). This requires
the definition, for every line, of the spectral range for the line itself and the continuum (at rest
wavelengths). Different methods have been proposed in the past to estimate the continuum
(e.g. Kirkpatrick et al. 1991; Ginestet et al. 1994; Cenarro et al. 2001, and references therein).
However, these methods were defined for stars no later than early-M subtypes. For late SpTs
the rising TiO bands erase and deform the continuum drastically. We have a wide range of SpTs
(from early-G to late-M) and we need to measure each line in a uniform way, independently of
whether its SpT and LC are known a priori. Therefore, we decided to use local pseudo-continua
to calculate the EWs. Table B.1 shows the ranges used for each line.
Following this method, we studied the behaviour with SpT of each atomic line and the
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Ca II Fe ITi I other TiO
Figure 2.9: Example of the spectra used. This is a SpT sequence displaying all the features
measured. The stars shown have all the same luminosity class and similar metallicity (they
are all from the LMC). From bottom to top: [M2002]169754 (G5 Ia), [M2002]168047 (K4 Iab),
[M2002]130426 (M2 Iab), and [M2002]130426 (M5 Iab). The dashed lines indicate the spectral
features measured (shortened list, see text). Their colour represents the dominant chemical
species in each feature: red for Ca ii, blue for Fe i, green for Ti i, yellow for other atomic lines
(Mn i, Si i and Mg i), and magenta for the TiO bands. For more details, see the Section 2.5.
neighbouring spectral region. For each line, we selected two stable spectral ranges, one to the
red and one to the blue of the line. Here, stable means that these ranges reproduce well the
pseudo-continuum because they are not affected by atomic lines at none of the SpTs that we
have considered. We used both pseudo-continuum spectral ranges to calculate a linear regression
with wavelength. The resultant fit over the range defined for each atomic line is used as the
continuum to calculate its EW. The local pseudo-continuum method does not measure a true
EW, because we are not necessarily using the real continuum. With it, we only measure the
apparent strength, at this resolution, of the line at a given SpT. Uncertainties on the EWs were
calculated using the method proposed by Vollmann & Eversberg (2006).
The atomic feature centred at 8468 A˚ (which spans from ∼ 8462 A˚ to ∼ 8474 A˚) is a blend of
many lines (mainly Ti i and Fe i) and multiple molecular bandheads of CN (Ginestet et al. 1994;
Carquillat et al. 1997). It is considered a powerful luminosity indicator for stars with SpT earlier
than M3 (Negueruela et al. 2011), but it is also sensible to chemical anomalies (Carquillat et al.
1997). The measurement of this feature was not easy because part of its blue continuum range is
affected by an atomic line at early subtypes, and the other part is heavily affected by the shape
of the triple molecular bandhead 8432 + 8442 + 8452 A˚ at later subtypes. In consequence, the
continuum on its blue side changes strongly with SpT, and there is no stable pseudo-continuum
on this side, as its slope becomes a measurement of the degree of contamination by other features
depending on the SpT. However, this feature is too important to be discarded. We used a special
method for this blend: we selected two continuum ranges on its blue side, one useful for early
subtypes and the other for the M subtypes. Because of we do not want to introduce any a priori
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Figure 2.10: Example of the spectra used. This is a metallicity sequence, showing stars with
the same SpT and LC (M1 Iab) in different galaxies. From bottom to top: SMC381 (SMC),
[M2002]135754 (LMC), and HD 13658 (Milky Way). The dashed lines are as in Fig. 2.9. We
note that the curved shape of the spectra are because of an instrumental effect.
information about the spectral subtype in our method, we calculated two different EWs for this
line for every given spectrum, each one using one of the blue continua. Then, we keep only the
one with the slope closest to 0.
Molecular bandheads
The rise of a molecular band changes drastically the shape of the nearby spectral range, creating
a shoulder at the wavelength of the bandhead. For wavelengths redder than this, the apparent
continuum is not flat, but has a positive slope, tending to the original continuum level, giving
the whole molecular feature the shape of a saw tooth.
We define two criteria to detect the presence of a bandhead. The first criterion consists
of a comparison of the pseudo-continuum value to the red and to the blue of the bandhead
centre. For this, we take a small spectral range of a certain width, centred on the bandhead
wavelength. To accept the presence of a band, the maximum intensity in this range has to be
to the blue of the minimum intensity (i.e. we make sure that a dip is present). The second
criterion requires that the standard deviation of the intensity in the continuum is lower than the
difference between the maximum and minimum intensities within the bandhead centre range,
calculated in the previous step. With this criterion we make sure that the bandhead has a
significant depth. When a bandhead does not pass both criteria, we assign a value of 0 to it.
If the bandhead passes both criteria, we measure its depth. For this, we have defined for
each molecular band a bandhead central wavelength at the point where the bandhead starts
(i.e. the point where the flux suddenly decreases), and a pseudo-continuum range bluewards of
it. We have also defined a small range to the red of the bandhead centre, where the minimum
flux of the bandhead should be. The values defined for each bandhead are given in Table B.2.
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We then find the point where the flux is the lowest in the range defined for the minimum in the
bandhead. This is the bandhead bottom (BB). After this, we perform a linear regression fit to
the pseudo-continuum range, and we extrapolate the resultant fit line over the defined centre of





Of course, there is simpler method, to estimate the bandhead depth: taking two spectral
ranges, one to the red and one to the blue of the bandhead, and comparing their mean intensities.
However, as we explained before, the continua at both sides of the bandhead have significant
slopes. Therefore, this method tends to minimize the real depth, and the detection of the
bandhead happens only when it is indeed quite strong. This is a critical problem when dealing
with weak bands, as is our case, because it assigns values close to 0 in cases where the bands
are already apparent to the eye.
To measure the uncertainty in a band’s depth, we have used a method analogous to that of
Vollmann & Eversberg (2006), but with two differences. We start from the expression for our
BD, and we measure the S/N of the pseudo-continuum using the residua from the fit to the
pseudo-continuum instead using the differences to the mean flux value of the pseudo-continuum
because it is slopped by the effect of other molecular bands to its blue side, making the difference













Synthetic spectra were generated using two sets of 1D LTE atmospheric models, namely: ATLAS-
APOGEE (KURUCZ) plane-parallel models (Me´sza´ros et al. 2012), and MARCS spherical mod-
els with 15 M (Gustafsson et al. 2008). The radiative transfer code employed was spectrum
(Gray & Corbally 1994). Although MARCS atmospheric models are spherical, spectrum treats
them as if they were plane-parallel. Therefore, the plane parallel transfer treatment might
produce a small inconsistency in the calculations of synthetic spectra based on MARCS atmo-
spheric models. However, the study of Heiter & Eriksson (2006) concluded that any difference
introduced by the spherical models in a plane-parallel transport scheme is small.
As line-list, we employed a selection of atomic lines from the VALD database (Piskunov et al.
1995; Kupka et al. 2000), taking into account all the relevant atomic and molecular features
that can appear in RSGs. In addition, as Van der Waals damping prescription we employed
the Anstee, Barklem, and O’Mara theory, when available in VALD (see Barklem et al. 2000).
The grid of synthetic spectra was generated for two different surface gravities (i.e., log g = 0
and 1 dex). Effective temperature Teff ranges from 3500 K to 4500 K with a step of 250 K
for the spectra generated using KURUCZ atmospheric models, whereas for the MARCS-based
synthetic models, the Teff varies between 3300 K and 4500 K. In this second case, the step is
250 K above 4000 K, and 100 K otherwise. The microturbulence (ξ) was fixed to 3 km s−1.
Finally, the metallicity ranges from [M/H] = −1 dex to [M/H] = 0 dex in 0.25 dex steps.
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2.7 Correlations
A central point of the discussion in this work is the existence of certain correlations between
different variables. To test each of them we used the procedure described in this section.
When SpT is used as one of the variables correlated, we assigned numerical values to the
spectral subtypes: G0 is 0, and then one by one until G8, which is 8, then K0 is 9, K5 is 14, M0
is 15 and so on until M7 which is 22.
We used two different correlation coefficients, Pearson (r) and Spearman (rS). r is a sensi-
tive coefficient that responds well to linear correlations, but is not very robust. On the other
hand, rS is not so sensitive, but it is a very robust method that also can deal with non-linear
correlations. To reduce the effect of outliers and also to ensure that the results obtained would
not be driven by the stochasticity of our particular sample, we used a Montecarlo process to
evaluate realistic uncertainties. Thus, for each correlation that was tested, we randomly gener-
ated 10 000 subsamples from the original sample, calculating both r and rS for each subsample.
To summarise all this information, we present the mean and sigma values obtained from the
10 000 subsamples for both correlation coefficients. This method is very robust and also gives a
good measurement of the uncertainty associated to our correlation coefficients. We also provide
the correlation coefficients for the whole original sample (i.e. the results of a standard statistical
test), which are systematically higher than those calculated through the Montecarlo process,
because this process is evaluating all the uncertainties hidden in our data. These results for the
whole samples can be considered as upper boundaries.
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Chapter 3
Spectral type, temperature and
evolutionary stage in cool
supergiants
The contents of this chapter were accepted for publication in Astronomy & Astrophysics as
Dorda et al. (submitted).
In this chapter we analyse the physical properties of the sample of SGs from the MCs.
The situation described in Sect. 1.2.3 leaves many open issues that we explore in the present
work. The main one is the relation of SpT with luminosity, evolutionary stage (mass-loss) and
temperature. The works discussed in Sect. 1.2.3 suggest a relation between SpT, luminosity
and evolutionary stage, but there is no statistically significant analysis that proves this relation
or describes it. Similarly, all the papers cited about this topic ignore SpT, as they do not
expect that it may be related to temperature. In addition, the differences in mean SpT between
different galaxies have been considered implicitly as a consequence of the effect of metallicity on
the TiO bands, which define the M sequence. Unfortunately, this argument ignores that most
of the SMC stars are early K stars whose SpT is not determined mainly from the strength of
TiO bands, but from atomic line ratios and the shy rise of TiO bands. Thus, the hypothesis of
increasing luminosity along the evolution as an interpretation for the M sequence does not give
a satisfactory explanation for the low-metallicity populations with early mean SpTs: do these
stars just evolve without a SpT progression? Or instead, are they also changing along their own
”early” sequence? Finally, if the relation between luminosity and SpT is eventually confirmed,
what does this imply for the observed changes in SpT demonstrated by many CSGs?
3.1 Previous considerations
For this chapter we have used the samples of CSGs from the MCs, using the data from all the
four epochs available (2010 and 2013 for the LMC, and 2010, 2011 and 2012 for the SMC).
These samples include ∼100 previously known CSGs from each cloud plus a large number of
candidates to CSGs, among which we identified a large fraction as supergiants (SGs), most of
them previously unknown. All these new candidates in both galaxies were observed only on
one epoch, while most RSGs already listed in the literature were observed at least twice. The
properties of the sample are summarized in Table 3.1.
Our MC targets were observed simultaneously in both the optical range and the infrared CaT
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Table 3.1: Summary of CSGs observed along our four epochs.
Galaxy Epoch Selected CSGs CSGs from candidate list Total
Already known Previously unknown
2010 107 0 1 108
SMC 2011 104 0 0 104
2012 146 40 117 303
Alla 158 40 117 315
2010 84 0 0 84
LMC 2013 97 37 90 224
Alla 102 37 90 229
Notes. (a) Unique targets observed in any of the the epochs.
spectral region (see Sect. 2.1.2). We used the optical range to perform the classification according
to classical criteria, as explained in Sect. 2.1.5, while we performed systematic measurements
of the main atomic features in the CaT spectral region (see Sect. 2.5) which was observed at
higher resolution. With this approach we made sure that none of the features measured is
directly related to the SpT and LC assigned, because the classification was done in a completely
different wavelength range. There is a strong reason to obtain quantitative measurements of
atomic features in the CaT region rather than in the optical range: TiO bands do not appear in
the infrared region until the M1 subtype, while in the optical range they start to grow from K0
(becoming dominant around M0), eroding both continuum and atomic lines. In consequence,
our atomic line measurements are not affected by molecular bands for subtypes M3 or earlier
(which is most of our sample). Beyond this subtype, the effect of the bands on both continuum
and features is unavoidable over the whole range causing a quick decrease in the EWs of all
atomic lines as the SpT increases (see Fig. 3.1). In view of this, in this work we have not used
any values measured on stars later than M3. Since the vast majority (∼ 92%) of stars in our
sample are M3 or earlier, we still have a statistically significant sample to describe the CSG
behaviour.
For this work we have selected a number of lines, most of them often used for spectral
classification, such as the CaT itself (luminosity marker) and many lines of Ti i and Fe i, whose
ratios are classical criteria for SpT and/or LC. We measured the equivalent widths of all these
lines in all our stars through an automated and uniform method. However, because the central
wavelength in the 2010 observations was slightly different, there is a small number of lines that
lie outside the spectral range observed in that run. Table B.1 contains the list of all the lines
measured, together with relevant information. The measurements were done as explained in
Sect. 2.5.
From these measurements, we have defined three indices for this chapter. EW(CaT) is the
sum of the EWs for the three lines in the triplet. EW(Ti i) is the sum of EWs for the five Ti i
measured. EW(Fe i) is the sum of the EWs of the twelve Fe i lines present in the spectra of all
epochs except those from 2010 (for this epoch, four Fe i lie outside the spectral range observed).
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Figure 3.1: Spectral type as a function of the mean sum of the equivalent widths of Ti i. The
circles are CSGs from the SMC, the squares from the LMC. The single error bars represent the
median uncertainties. The colour indicates the LC. This figure illustrates how, for stars later
than M3, the TiO bands quickly affect their atomic lines.
3.2 Analysis of the spectral features
3.2.1 Spectral type and atomic features
The three main physical magnitudes that determine the presence and intensity of atomic lines
in any of our spectra are temperature, luminosity and metallicity. Traditionally, for most stars,
SpT has been used as a direct proxy for temperature, with later type stars being cooler than
those with earlier types. However, under the light of the works discussed before, this idea has
to be revisited for CSGs. Davies et al. (2013) proposed that the SpT is mainly determined by
luminosity. Since the depth of TiO bands has a dependence on luminosity, and SpT is assigned
on the basis of the strength of these bands, there must certainly be a dependence between
SpT and luminosity. Moreover, TiO bands form in the upper layers of the atmosphere, where
extension, molecular opacities and other effects that are poorly understood result in complex
radial temperature profiles (Davies et al. 2013, and references therein). For this reason, in
this work we concentrate on atomic features, which form in deeper layers, where 3D models
suggest that the temperature structure is close to that assumed in the simpler 1D models that
are generally used to simulate the atmospheres of RSGs (see Fig. 1.3). Naturally, if SpT and
luminosity are related, we cannot count on finding any spectral feature that will react only to
effective temperature. However, not all lines depend on luminosity, temperature and metallicity
in the same way. This implies that the global behaviour of a given set of lines will not be
the same if a combination of luminosity and metallicity is the main effect behind atomic line
behaviour along the SpT sequence (thus determining SpT, as Davies et al. 2013 suggest), or if
temperature is the main contributor to SpT. Moreover, Gazak et al. (2014) have shown that a
few diagnostic atomic lines (of Si i, Fe i, and Ti i) are enough to derive accurate parameters for
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RSGs.
In the past, Ti i lines in the CaT spectral region have been used as SpT indicators (e.g.,
Ginestet et al. 1994) because they are very sensitive to temperature, since Ti is a light element
and they have low excitation potentials (χe 6 1 eV). Fe i lines have also been used as SpT
indicators, even if they are less sensitive to temperature than Ti i (as Fe is heavier than Ti and
its lower excitation potential is closer to the fundamental level), because there are many more
intense Fe i lines than Ti i lines in the CaT spectral region. These lines, on the other hand,
are not very sensitive to luminosity (i.e., surface gravity), although Fe i lines are more sensitive
than Ti i ones. Because of this, some ratios of nearby Fe i and Ti i lines have been used as
luminosity criteria (e.g., Fe i 8514 A˚ to Ti i 8518 A˚ in Keenan 1945). To investigate how the
Ti i and Fe i lines that we have used for our indices depend on temperature, surface gravity
(i.e., luminosity) and metallicity, we have measured these lines in a grid of synthetic spectra
generated using KURUCZ and MARCS stellar atmospheric models (see Section 2.6), following































































Figure 3.2: EW(Ti i) index measured in two grids of synthetic spectra based on KURUCZ (left)
and MARCS (right) atmospheric models. The x-axis shows effective temperature (with inverted
scale to ease the comparison with the SpT sequence), the colours indicate metallicity [Z] and
the shapes indicate surface gravity (circles are log g = 0.0 and squares log g = 1.0 dex) of each
synthetic spectrum from the grid. The vertical bar represents the median error in EW(Ti i)
measurements.
For the grid of synthetic models, we have chosen a temperature range based on the typical
temperatures derived for SGs in previous works (see Section ??). Nevertheless, we have not
reached temperatures below 3300 K in MARCS and 3500 K in KURUCZ because of model limi-
tations (see Section 2.6). Moreover, temperatures lower than these would correspond (according
to the published effective temperature scales, see Section ??) to mid- to late-M SpTs. We have
not measured the intensity of lines in stars later than M3 in the observed spectra, because the
continuum becomes heavily affected by TiO bands and atomic lines do not display their true
behaviour, but only the effect of the molecular bands over them.
Finally, we remark that we have not related the model temperatures with the SpTs predicted
by any of the effective temperature scales discussed before, as we only want to explore the
behaviour of the lines.
Our synthetic spectra include molecular features, which have a small effect over our lines
at temperatures higher than 4 000 K, but introduce more important differences with respect to









































































Figure 3.3: EW(Fe i) index measured in two grids of synthetic spectra based on KURUCZ (left)



































































Figure 3.4: EW(CaT) index measured in two grids of synthetic spectra based on KURUCZ (left)
and MARCS (right) atmospheric models. The display is the same as in Fig. 3.2.
models without molecular features at lower temperatures. To understand these effects, we also
evaluated synthetic spectra generated without molecular features, finding that the behaviour of
the lines measured does not change qualitatively. Their addition affects the EWs measured by
changing slightly their values, specially decreasing them at temperatures lower than 4000 K, and
increasing sightly their sensitivity to luminosity. As can be seen in Fig. 3.2, EW(Ti i) in synthetic
spectra has a clear linear dependence with temperature down to ∼ 4 000 K at Solar metallicity,
and down to lower temperatures at lower metallicities. From there the slope starts to decrease as
the temperature drops further, because the lines used are coming close to the saturation part of
the curve of growth, and also because the effect of the molecular bands. The EW(Fe i) index also
has a linear trend with temperatures down to ∼ 4 000 K, but with a slope lower than EW(Ti i).
Moreover, EW(Fe i) starts to decrease for temperatures lower than ∼ 4 000 K. EW(Ti i) shows
little dependence on surface gravity and it is clear that the Fe i lines are more sensitive than the
Ti i ones, justifying the use of Fe i/Ti i ratios as luminosity indicators.
The CaT is very sensitive to luminosity (e.g. Diaz et al. 1989), and it has been widely used
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to separate SGs from other less luminous stars (e.g. Ginestet et al. 1994). In synthetic spectra,
the EW(CaT) index shows a strong dependence on surface gravity (see Fig. 3.4). Its dependence
on effective temperature is much weaker, and can be described as a slow decrease of EW(CaT)
as temperature drops.




























































Figure 3.5: Sum of Ti i equivalent widths against spectral type. The colour indicates luminosity
class. The black cross represents the median uncertainties. The LMC data correspond to 2013
and the SMC data correspond to 2012, because all the stars observed in 2010 and 2011 were
also observed in 2012 and 2013, and so each star is represented only once. We note that these
figures present the same variables than in Fig. 3.1, but here we have split the data from each
galaxy for clarity, easing the comparison with Figs. 3.6 and Figs. 3.7, and they do not include
those SGs later than M3, as their measurements are compromised by the TiO bands. Note also
that both figures are on the same scale to make comparison easier. Left (3.5a): CSGs from
the SMC. Right (3.5b): CSGs from the LMC.






































































Figure 3.6: Sum of Fe i equivalent widths against spectral type. The display is the same as in
Fig. 3.5. Left (3.6a): CSGs from the SMC. Right (3.6b): CSGs from the LMC.
The measurements of EW(Ti i) and EW(Fe i) indices derived from our observed spectra are
shown in Figs. 3.5 and 3.6. We calculated the correlation coefficients between the SpT and these
indices for each galaxy through the method explained in Section 2.7. The results are shown in
Table 3.2. The EW(Ti i) index presents a very clear linear positive trend with SpT from G0
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Figure 3.7: Sum of CaT equivalent widths against spectral type. The display is the same as in
Fig. 3.5. Left (3.7a): CSGs from the SMC. Right (3.7b): CSGs from the LMC.
down to the point where the lines become too affected by TiO bands at ∼M3 to be correctly
measured. EW(Fe i) presents a not very strong, but still significant, linear positive trend with
SpT in the SMC, while in the LMC the trend is almost flat. Such trends would be in good accord
with the behaviour observed in the synthetic spectra, if the SpT sequence depends mainly on
temperature. In fact, if the SpT sequence should depend mostly on luminosity, we would find no
clear correlation between EW(Ti i) and SpT, as Ti i lines are quite insensitive to surface gravity.
Moreover, EW(Fe i) should have a stronger correlation with SpT than EW(Ti i), as it is more
sensitive to luminosity. Finally, the behaviour of EW(CaT) with SpT is almost flat (Fig. 3.7), –
its correlation coefficients are low and positive for the SMC, but low and negative for the LMC
– implying that it does not depend strongly on SpT, as it should do if the SpT sequence would
be determined by luminosity.
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Figure 3.8: Sum of Ti i equivalent widths against bolometric magnitude. The shapes indicate
the host galaxy: LMC stars are squares, and SMC stars are circles. The LMC data correspond
to 2013 and the SMC data correspond to 2012, as in Fig. 3.5. The black cross represents the
median uncertainties. Left (3.8a): The colour indicates the LC. Right (3.8b): The colour
indicates the SpT.
In Figs. 3.8, 3.9 and 3.10, we show the relation between the EW indices and Mbol (i.e.
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Table 3.2: Pearson (r) and Spearman (rS) coefficients obtained for the correlations between
different pairs of variables from the data of each galaxy. The values given by Montecarlo are the
mean ones and their corresponding standard deviations. The details of the Montecarlo process
we used are explained in Sect. 2.7. We also provide the correlation coefficients obtained for the
original samples (without Montecarlo).
Mean coefficients From the
Variables correlated Galaxy from Montecarlo original sample
X Y r ± σP rS ± σS r rS
SpT EW(Ti i) SMC 0.815± 0.012 0.793± 0.015 0.876 0.863
SpT EW(Ti i) LMC 0.69± 0.02 0.57± 0.04 0.79 0.70
SpT EW(Fe i) SMC 0.462± 0.019 0.42± 0.02 0.490 0.44
SpT EW(Fe i) LMC 0.20± 0.03 0.18± 0.03 0.21 0.22
SpT EW(CaT) SMC 0.18± 0.03 0.20± 0.03 0.21 0.23
SpT EW(CaT) LMC −0.23± 0.04 −0.15± 0.04 −0.26 −0.17
EW(Ti i) Mbol SMC −0.02± 0.04 −0.223± 0.015 −0.129 −0.234
EW(Ti i) Mbol
b SMC −0.214± 0.019 −0.304± 0.019 −0.222 −0.323
EW(Ti i) Mbol LMC −0.30± 0.03 −0.46± 0.03 −0.33 −0.53
EW(Fe i) Mbol SMC −0.09± 0.11 −0.674± 0.012 −0.527 −0.704
EW(Fe i) Mbol
b SMC −0.408± 0.14 −0.619± 0.014 −0.417 −0.645
EW(Fe i) Mbol LMC −0.556± 0.019 −0.529± 0.019 −0.580 −0.556
EW(CaT) Mbol SMC −0.063± 0.08 −0.47± 0.03 −0.392 −0.524
EW(CaT) Mbol
b SMC −0.29± 0.02 −0.43± 0.03 −0.32 −0.48
EW(CaT) Mbol LMC −0.36± 0.03 −0.29± 0.04 −0.40 −0.32
∆(EW(Ti i)) ∆(SpT) Both 0.48± 0.03 0.42± 0.03 0.62 0.57
∆(EW(Fe i)) ∆(SpT) Both 0.04± 0.04 0.04± 0.04 0.05 0.03
∆(EW(CaT)) ∆(SpT) Both −0.01± 0.04 −0.07± 0.04 −0.01 −0.09
SpT Mbol
b SMC −0.17± 0.02 −0.20± 0.02 −0.18 −0.22
SpT Mbol
c SMC −0.28± 0.03 −0.31± 0.03 −0.30 −0.34
SpTa Mbol
b LMC −0.37± 0.03 −0.47± 0.04 −0.40 −0.53
Notes. (a) For this calculation, the few CSGs in LMC earlier than G7 were treated as outliers and
removed (see Fig. 3.14b). (b) Only Mbol < −6 mag (c) Only Mbol < −6.7 mag
luminosity) for the observed spectra. All indices show a linear positive relation with luminosity,
and both MC populations display the same slope, although the EWs are shifted by a constant,
which may be attributed to metallicity. We calculated the correlation coefficients for these
trends (shown in Table 3.2), and found that for the SMC the values of r were close to 0, while
values of rS are not close to zero, indicating the presence of a correlation under the noisy effect
of many outliers. The underlying reason can be seen in the figures themselves: there is a
large number of low luminosity supergiants (LCs Ib or Ib – II, mostly with Mbol > −6 mag)
present in the sample which do not follow the main linear trend (see Sect. 3.3.1). These objects,
at the boundary with bright red giants, are morphologically classified as RSGs, but some of
them may well be red giants (see Paper I for a discussion). We checked this hypothesis by
excluding all the stars fainter than Mbol = −6 mag and repeating the fits. In Table 2.7, we
also display the correlation coefficients for the sample containing only mid-and high luminosity
CSGs. Among the trends of the three indices, the EW(Ti i) ones present the coefficients closest
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Figure 3.9: Sum of Fe i equivalent widths against bolometric magnitude. The display is the same
as in Fig. 3.8. Left (3.9a): The colour indicates the LC. Right (3.9b): The colour indicates
the SpT.










































































Figure 3.10: Equivalent width of the CaT against bolometric magnitude. The display is the
same as in Fig. 3.8.Left (3.10a): The colour indicates the LC. Right (3.10b): The colour
indicates the SpT.
to 0. Their r values indicate that this index hardly presents any linear correlation with Mbol,
but rS values are higher, suggesting that there is some non-linear correlation, though not very
strong. The EW(CaT) index present slightly clearer correlations than EW(Ti i), but the best
correlations are found for EW(Fe i). According to synthetic spectra, increasing surface gravity
should have a weak effect on EW(Ti i), a stronger effect on EW(Fe i) and the clearest effect on
EW(CaT). Contrarily, we found that EW(Fe i) displays a stronger correlation than EW(CaT).
If we assume the hypothesis that all RSGs have roughly the same temperature (i.e. the SpT
does not depend mainly on temperature), we should see a stronger correlation for the EW(CaT)
than for EW(Fe i), which is not the case. On the other hand, if we assume that temperature
decreases towards later subtypes, this situation may be explained because of the behaviour that
EW(CaT) exhibits in the synthetic spectra, with lower values toward lower temperatures. As
can be seen in Fig. 3.10b, the most luminous stars tend to be those with latest SpTs. Thus,
the increase of EW(CaT) towards higher luminosities would be partially compensated by the
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effect of the decreasing temperatures. The correlations presented in the previous paragraphs
are very difficult to reconcile with the hypothesis that all RSGs have the same temperature,
with their SpTs being determined by luminosity. The atomic lines that display a stronger
correlation with SpT (Ti i) are those having the strongest dependence on temperature and the
weakest dependence on luminosity, while the Fe i lines, which are expected to be more sensitive
to luminosity than to temperature, show a clearly stronger correlation with Mbol than with SpT.
In addition, CaT lines, which are expected to be the most sensitive to luminosity and the less
sensitive to temperature, have a flat trend with SpT, but a weak though significant correlation
with Mbol.
Another factor we have to take into account in these correlations is the role of the metallicity.
As mentioned before (see Section ??), differences in metallicity cause a shift in the mean SpT
of a population. Metallicity thus has a clear impact on SpTs, affecting them in two ways.
On one hand, metallicity may constrain the evolution of CSGs, causing them to stop moving
towards lower temperatures at different values of Teff, as predicted by evolutionary models
(for further discussion see Sect. 3.3.1). But metallicity also affects directly the EW of lines
and the strength of bands. Under the hypothesis that all RSGs have approximately the same
temperature independently of metallicity, and given that we find no evidence for EW(Ti i) being
driven by luminosity, its behaviour with SpT could only be explained through the effect of
metallicity. In this case, given that EW(Ti i) presents a strong correlation with the SpT, the
SpT sequence would become a metallicity sequence. As can be seen in Figs. 3.2 and 3.3, the
range of variation for metallic lines due to changes in metallicity is similar to the range due to
changes in temperature.
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Figure 3.11: Variations in the EW(Ti i) index against variations in SpT. Each point is the
difference for a given star between two epochs. The colour indicates the SpT that the CSG
changed to. Squares are LMC CSGs; circles are SMC CSGs. The black cross at (0,0) shows the
median error. Epochs when a star moved to SpTs later than M3 are not used.
There are, however, two strong objections to this interpretation. The first one is the relatively
wide range of spectral types for RSGs observed in a given population. For example, RSGs in
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Figure 3.12: Variations in EW(Fe i) against variations in SpT. The display is the same as in
Fig. 3.11.
the solar neighbourhood are all expected to have about the same metallicity, but display SpTs
spanning the whole K and M ranges. Moreover, a significant fraction of the RSGs in the MCs are
variable, in the sense that they present different SpTs at different epochs. In the next section,
we give a detailed description of spectroscopic and photometric variability in our sample. For
the stars that we have classified as spectroscopic variables, we have measured the EW indices
at both extremes of the SpT variation seen. In Fig. 3.11, we plot the variation of EW(Ti i)
against the difference in spectral subtypes. We also calculated the coefficients obtained for
this pair of variables (shown in Table 3.2), and we found a not very strong but still significant
correlation between them. This figure clearly demonstrates that EW(Ti i) varies in a given star
as its spectral type changes by an amount similar to the difference between two stars of different
spectral types. The highest change in EW(Ti i) is about 0.4 A˚, which in synthetic spectra
correspond to a change of ∼ 0.3 dex. Since the metallicity of a star is not expected to change at
all along its variability cycle, this rules out metallicity as the main driver of the SpT sequence.
Moreover, in Figs. 3.13 and 3.12, we see that EW(CaT) or even EW(Fe i), which are much
less sensitive to temperature, do not change when the SpT of the star changes. In fact, their
correlation coefficients (both r ans rS) are ∼ 0, indicating that these lines are clearly insensitive
to SpT variations. If the changes in EW(Ti i) would be caused by changes in metallicity, we
should also expect some changes in these other lines.
To summarize, the presence of SpT variations in a given star is one further argument against
all RSGs having the same temperature or the SpT sequence being determined by luminosity.
Only EW(Ti i), the index with a strongest dependence on temperature, shows coherent varia-
tions with significant correlation coefficients when a star changes its SpT by several subtypes.
Contrarily, EW(CaT), the index most sensitive to luminosity, does not change at all along SpT
variations (its correlation coefficients are ∼ 0), against what we should expect if SpT is deter-
mined by luminosity changes. Thus, the evidence again points to temperature as the explanation
for the SpT sequence. However if SpT variability is caused by temperature changes, why are
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Figure 3.13: Variations in EW(CaT) against variations in SpT. The display is the same as in
Fig. 3.11.
EW(Fe i) changes not correlated at all with SpT variations? There is an explanation in the fact
that EW(Fe i) does not have a monotonic behaviour with temperature, but shows a maximum
around 4 000 K (see Fig. 3.3). If we accept that this temperature roughly corresponds to mid-K
subtypes in the MCs, as suggested by the different Teff scales, our spectrum variables are moving
across this maximum in both directions, and so temperature changes, either to higher or lower
temperatures, can increase or decrease the EW(Fe i) in a manner that will look random when
only two or three epochs are available.
If so, all the observed changes in line strengths could be explained by temperature changes of
only a few hundred Kelvin, which are entirely compatible with the variability in SpT, but cannot
be explained within the current framework by any other of the major physical magnitudes.
The correlations we have found are hardly compatible with luminosity and metallicity as the
main effects to explain the behaviour of atomic lines (represented by the EW indices) along the
SpT sequence of CSGs. This result, however, does not imply that SpT is unrelated to luminosity
and metallicity. Several authors have suggested a correlation between luminosity and SpT, and
this will be discussed at length in Sect. 3.3.1. Likewise, metallicity determines the mean SpT of
a population and the strength of metallic lines at a given SpT. Therefore, the correlations found
seem to indicate that both luminosity and metallicity have an indirect effect on spectral type,
but at a given metallicity, the SpT sequence seems to be a temperature sequence, modulated to
some degree by luminosity, as happens across the whole MK system.
Our analysis has been confined to stars with SpTs earlier than M4, and it may be argued
that for the second half of the M sequence, which is determined exclusively by TiO bands, this
temperature dependence may become negligible, and the SpT of late-M stars may be determined
mainly by luminosity. This is not impossible, as there are very few such late-M supergiants (most
of them in the MW), and they are all characterised by very heavy mass loss (e.g., Humphreys
& Ney 1974). There are, however, no compelling reasons to take this view either. In the optical
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range, the TiO bands arise at early-K subtypes, and our classification was done attending to
the growth of these bands. Despite this, our atomic lines in the CaT range, which are not
affected at all by TiO bands down to M2, show a behaviour along the SpT sequence dominated
by temperature. The increasing strength of the TiO bands along the SpT sequence, which is
determined by decreasing temperature more than by any other physical parameter, can only be
explained if the intensity of the TiO bands has a non-negligible dependence on temperature, at
least down to SpT M3 (the range that we have probed). There does not seem to be a strong
reason to believe that this dependence stops for types later than M3 simply because EW(Ti i)
loses its sensitiveness to temperature. In any case, as RSGs with SpT later than M3 are very
rare, even in the Milky Way (Elias et al. 1985; Levesque & Massey 2012), and almost absent
in galaxies with an average metallicity similar to that of the SMC, our results describe the
generality of CSGs in the MCs (and, by extension, presumably, in most galaxies), not only a
peculiar minority.
3.2.2 Spectral variability
We observed a group of luminous CSGs from each galaxy on more than one epoch, which allows
the study of their spectral variability. These targets, about a hundred per cloud, are known
RSGs from the lists of Elias et al. (1985) or Massey (2003). Most of the targets from the SMC
were observed on three epochs (2010, 2011 and 2012), but a small number of them were observed
only in two epochs, with a time interval between them of about a year. The LMC group was
observed only on two epochs (2010 and 2013). We tagged as variable any CSG whose SpT has
changed significantly between epochs, i.e. more than our mean error (one subtype). The details
about these CSGs and their observation are given in GDN2015, but we provide a brief summary
in Table 3.3.
At the sight of Table 3.3, it is striking that the fractions of variable CSGs found in each
galaxy are very different (33% for the LMC and 84% for the SMC). Initially, we attributed this
difference to the fact that we observed the SMC on three epochs, while the LMC was observed
only twice. To test if the difference could be caused by the different number of observation
epochs, we checked the variability for the SMC CSGs using only two epochs (2010 and 2012, as
this is the pair of epochs with most CSGs in common). The resulting fraction of variable CSGs
in the SMC in this case is 47%, lower than when we use three epochs, but still significantly
larger than for the LMC. Moreover, the maximum SpT changes detected for SMC CSGs are
larger than those for LMC CSGs.
Elias et al. (1985) studied the photometric variability of the RSGs in both MCs. They find
that RSGs from the LMC show larger variations than those from the SMC. However, at a given
temperature, RSGs from both galaxies show similar variations. They also found a correlation
between most of the photometric colours that they studied and the brightness changes. They
estimated, through their calculated colour-SpT relations, that if the observed colour changes
are matched by SpT variations, then RSGs from the SMC would have a typical variation of
about 1.5 subtypes, while those from the LMC would vary by about 1 subtype. This is because
colour differences between typical subtypes of LMC RSGs are larger than those between typical
subtypes of SMC RSGs.
To explore the relation between photometric and spectral variations in both MCs, we have
used the works of Yang & Jiang (2011, 2012) (Y&J onward). They studied the photometric
variability of a large number of RSGs taken mainly from the same source as our sample (Massey
2003). Thus, our multi-epoch sample has a high overlap with them. Unfortunately, Y&J could
not analyse their whole initial sample. We have used for the comparison only those RSGs tagged
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as ”long secondary period” (LSP) or ”semi-regular” (SR) in their papers, i.e. those from Tables 2
and 4 from Y&J2011 and Tables 3 and 6 from Y&J2012. In Table 3.4 we show the result of
this cross-match. Even though we have a similar number of CSGs in common with them (about
40) in each MC, the number of objects that we tag as spectral variables is significantly different
between the LMC and the SMC samples, with the SMC RSGs again demonstrating a higher
degree of variability. This difference confirms the findings of Elias et al. (1985) that a similar
photometric change implies a different spectral variation, depending on the mean SpT of the
stars, and therefore, in statistical terms on the metallicity of the host galaxy.
Table 3.3: Spectral type variability among CSGs observed on multiple epochs. The number of
CSGs tagged as variable, the fraction with respect to the total number n, and the 2-σ confidence
intervals for the fractions (∆f), which are equal to 1/
√
n. CSGs are tagged as variable if their
SpT changed between any two of the epochs indicated by more than 1 subtype. The SMC sample
is showed twice, one using all three available epochs to check its variability, and the other using
only the 2010 and 2012 epochs. We also show the mean SpT change among the CSGs tagged as
variables (in the case of three epochs, we only show the largest change measured for each star.)
CSGs observed Variable CSGs found
Galaxy in all these Number Fraction ±∆f ∆SpT
(and epochs) epochs interval (subtypes)
SMC (all three epochs) 108 88 0.84 0.10 3.0
SMC (2010-2012) 102 48 0.47 0.10 2.9
LMC (2010-2013) 79 26 0.33 0.11 2.3
Table 3.4: Result of the cross-match between CSGs observed on multiple epochs, and those
RSGs tagged as LSP or SR in the works of Y&J. We indicate how many stars are in common
(n), and how many of them were identified as spectral variables, and the corresponding fractions.
The 2-σ confidence intervals for the fractions (∆f), which are equal to 1/
√
n, are also shown.
The SMC sample is showed twice, one using all three available epochs to check its variability,
and the other using only the 2010 and 2012 epochs.
Number of CSGS LSP and SR with
Galaxy tagged as LSP or spectral variation detected
(and epochs) SR, in common Number Fraction ±∆f
SMC (all three epochs) 41 34 0.83 0.16
SMC (2010-2012) 40 23 0.58 0.16
LMC (2010-2013) 42 11 0.26 0.15
Indeed, this trend seems to extend to the MW as well. White & Wing (1978) studied the
spectral variations of a large sample (128) of RSGs in the Galaxy. They tagged as spectral
variables those RSGs with changes larger than half a subtype, while we are considering as being
variable those with changes larger than 1 subtype. Almost all the RSGs in their sample were
observed on more than two epochs (on average, each one of their stars was observed on 3.8
epochs). Despite this, they tagged only 28 of their RSGs as spectral variables. From these, only
9 have changes larger than 1 subtype, and thus would be considered as spectral variables in the
present work. Therefore the fraction of spectral variables among the galactic RSGs (0.07±0.09)
is significantly smaller than for the LMC RSGs (0.33± 0.11).
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From our data, we conclude that spectral variability among CSGs seems to be more frequent
and implies larger spectral changes at lower metallicities. From the bibliography commented
above, it seems that photometric variations are common among RSGs, even if their spectral
variations are not noticeable. Following Elias et al. (1985), we may consider a simple explanation
for the relations between spectral variability and metallicity: the spectra have a weaker response
to colour changes at higher metallicities (because of their later average SpTs). However, a trend
between the pulsation mode and the metallicity of the host galaxy was found by Y&J2012.
Thus, there may be a relation between spectral variation and pulsation mode, but this possibility
cannot be asserted or rejected with our data.
3.3 New perspectives on cool supergiants
3.3.1 Spectral type, luminosity and mass loss
All our results, and those in the literature, show that the relation between spectral type, lu-
minosity and mass loss is complex, and these variables cannot be treated individually. In this
section, we analyse how they are intertwined.
Spectral type and luminosity
As mentioned above, in the literature there are many hints of a relation between SpT and
luminosity, with later stars being typically more luminous (e.g., Davies et al. 2013, and references
therein). Such a relation can also be seen in Fig. 1 from Levesque et al. (2006), if indirectly (this
figure plots temperature and not SpT, but temperature can be considered equivalent to SpT in
this work, because their effective temperature scale was calculated from the fit to TiO bands).
Nevertheless, the relation between SpT and luminosity has not been further investigated, neither
its possible connection with evolutionary state (i.e., mass-loss).


























































Figure 3.14: Spectral type against Mbol (derived from (J−KS)). Colour indicates the luminosity
class. The LMC data correspond to 2013 and the SMC data correspond to 2012, because all the
stars observed in 2010 and 2011 were also observed in 2012 and 2013 and we wanted to avoid to
represent the same CSG more than once. The black cross represents the median uncertainties.
We note that both figures have the same colour scale, to make clear the comparison. Left
(3.14a): CSGs from the SMC. Right (3.14b): CSGs from the LMC.
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In Figs. 3.14a and 3.14b, we plot SpT and Mbol for both MCs. The populations represented
in these diagrams may be divided in two different groups. The first group is formed by most of
the low-luminosity SGs (Ib or dimmer), which are spread all over our SpT range. From G down
to early-M subtypes, most of them have. For those CSGs from G down to early-M subtypes,
most of them are Mbol ∼ −5 and ∼ −6 (up to slightly higher luminosity in the SMC sample).
For mid and late-M subtypes, these stars reach Mbol ∼ −6.5, but they are clearly separated
from the higher-luminosity M SGs. In both galaxies, these lower-luminosity groups cannot be
considered large enough to draw statistically significant conclusions on their properties, because
of their limited numbers. Our exposure times were optimized for the observation of the bright
population, and so priority in fibre assignment was given to this population. In addition, many
of the fainter targets included did not result in usable spectra. Thus in this work we limit our
analysis to the second group (i.e., stars more luminous than −6 mag).
This second group is formed by most of the high and mid-luminosity CSGs (Iab – Ib or
brighter). These stars are spread along a strip starting at early SpTs and low luminosities
(slightly more luminous than Mbol = −6 mag) that extends toward later SpTs and up to the
highest luminosities present in our samples. The range of SpTs covered differs between galaxies,
because of the metallicity effect discussed previously. For both galaxies there is a correlation
between SpT and Mbol (their coefficients are shown in Table 3.2). It is much clearer for the
LMC in part because of the smaller number of low luminosity SGs (specially later than M0) with
Mbol < −6 mag. To check if faint outliers are causing the lower correlation coefficients for the
SMC, we have also calculated the coefficients for the data from the SMC using a more restrictive
luminosity boundary (Mbol < −6.7 mag). In this case, we obtain a clearer correlation, but still
significantly weaker than for the whole bright group in the LMC.


















































































Figure 3.15: Spectral type against Mbol (derived from (J−KS)). Colour indicates the maximum
SpT variation observed for each star among the epochs it was observed (see section 3.2.2 for more
details). The samples used here are the same as in Fig. 3.14, but we have represented only those
stars observed on more than one epoch. The black cross represents the median uncertainties.
The x-axis scale is the same as in Fig. 3.14 to ease the comparison. Left (3.15a): CSGs from
the SMC. Right (3.15b): CSGs from the LMC.
The weaker correlation between SpT and Mbol for the SMC, even when only RSGs more
luminous than Mbol < −6.7 mag are included, is likely due to the presence of a moderate number
of CSGs with Mbol between ∼ −7 and −8 mag spread along the whole SpT distribution. Many
of them have SpTs earlier than expected from the trend. Such spread in SpT is not observed
among LMC stars in the same magnitude range. A possible explanation for this difference lies
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in the SpT variability of CSGs, because most of the SMC CSGs observed on more than one
epoch present significant SpT variability (up to 7 subtypes), while most of the LMC CSGs do
not (see Fig. 3.15 and Section 3.2.2).
These correlations between SpT and Mbol may seem contradictory with the behaviours of
the indices discussed in Sect. 3.2.1. From the correlations studied there, we concluded that SpT
seems much more likely to depend mainly on Teff than on luminosity. However, the results found
here indicate a correlation between SpT and Mbol. This correlation can already be anticipated
in Figs. 3.8b, 3.9b and 3.10b, where the brightest stars concentrate strongly towards the latest
SpTs. This is likely the reason why, in addition to its strong correlation with SpT, EW(Ti i)
also has a weak correlation with Mbol. In any case, the correlations between SpT and Mbol are
not very strong. They are significantly weaker than those between SpT and EW(Ti i) or Mbol
and EW(Fe i). When considered together, all these results suggest that the relation between
SpT and luminosity is indirect, i.e. SpT is not directly determined by luminosity, but both are





























































Figure 3.16: Theoretical evolutionary tracks, represented in the Teff vs Mbol plane. The colour
of the tracks indicates their metallicity: black for Solar metallicity, magenta for LMC typical
metallicity, green for SMC typical metallicity. The coloured points along the tracks are separated
by 0.1 Ma, and their colours indicate mass-loss. Left (3.16a): Geneva models, from Ekstro¨m
et al. (2012); Georgy et al. (2013). No tracks for LMC metallicty are available. Solar metallicity
is Z = 0.014. The tracks shown here correspond, from bottom to top, to stars of 12, 15, 20, 25
and 32 M. Right (3.16b): Models from Brott et al. (2011). The evolutionary tracks shown
here are, from bottom to top, those of stars with 12, 15, 20, 25, 30 and 35 M.
In Fig. 3.16 we show the evolutionary tracks (without rotation) generated using models from
the Geneva group (Ekstro¨m et al. 2012; Georgy et al. 2013), and from Brott et al. (2011). As
we do not know the exact temperature to SpT relation, we cannot directly overplot our data
on these tracks. However, we have demonstrated above (Sect. 3.2.1) that such a relation must
exist, and this allows us to compare the behaviours seen for the observed samples and those
expected from the evolutionary tracks.
In the Geneva models, we only see a decrease in temperature as we move to higher luminosity
when we compare the 12 and 15 M evolutionary tracks (see Fig. 3.3.1). The long-term stable
regions along these tracks (marked by groups of coloured points) are cooler and more luminous
for the 15 M track than for the 12 M one, spanning from Mbol ∼ −6 to ∼ −7.5. Nevertheless,
the tracks for 20 M and higher masses (which correspond to Mbol < −7.5 mag), tend to reach
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temperatures warmer than less massive (and less luminous) tracks. In our data (see Fig. 3.14),
the trend to later SpT with increasing luminosity, extends from Mbol ∼ −6.5 to the highest
values observed. This lack of agreement between observations and evolutionary tracks is not
new, and has also been found in previous works (e.g. Levesque et al. 2006).
In the evolutionary models from Brott et al. (2011) the long-term stable regions along the
tracks for 12, 15 and 20 M span almost the same temperature range, and only the stable
regions for the 25 M track seems to be slightly cooler than for the less luminous stars. For
tracks of higher masses, their stable regions tend again to be slightly warmer than for the 25M
star. Following these predictions, we should have about the same SpTs for the luminosity range
between Mbol ∼ −7 and ∼ −8.5 mag, and only find slightly later types about ∼ −9. This
scenario does not match the observations either.
The origin of the observed SpT-luminosity trend for mid- and high-luminosity CSGs is un-
certain. We can envisage two possibilities: either more massive stars spend their time as RSGs
at later SpTs (lower temperatures) than less massive objects or a given star evolves to higher
luminosity and lower temperatures during its lifetime as an RSG (as suggested by Davies et al.
2013)1. In the first case, the observed trend would be a direct consequence of the evolution of
CSGs with different masses (and thus, different ages). Since CSGs are supposed to have evolved
at roughly constant luminosity from the blue side of the Hertzsprung-Russel Diagram, more mas-
sive CSGs should have reached higher luminosities. This scenario seems a logical explanation for
our observed distributions. Our samples should have a mixture of CSGs with different ages and
masses because they were selected from all over both MCs. In addition, there is clear evidence
among well-studied MW RSGs showing that late-M stars are intrinsically brighter and, in many
cases, are quite massive (e.g., Wittkowski et al. 2012; Arroyo-Torres et al. 2013). However, there
are also some observations that seem to support the second scenario. In MW open clusters
containing RSGs, their SpT frequency distribution tends to peak around M1 – M2, but there
are also a number of RSGs with later SpTs that tend to be more luminous (Negueruela et al.
2013). Since RSGs in each cluster should have roughly the same age and mass, the presence of
much brighter RSGs of later SpT is difficult to explain. For example, in the cluster Stephen-
son 2 the latest RSG is about M7, with Mbol = −8.3 mag. It is about 2 mag brighter than the
less luminous RSGs in the cluster (Davies et al. 2007). According to the Geneva evolutionary
models, this star should have about ∼ 25 M, while most RSGs from the cluster would have
between 12 and 15 M. In addition, the most luminous CSGs in clusters are also those with
the highest mass-loss rates and most noticeable circumstellar envelopes. In consequence it has
been proposed (Davies et al. 2013; Negueruela et al. 2013) that, as a given RSG evolves, it goes
from early-M subtypes down to later ones while its luminosity and mass-loss also grow. All the
evolutionary tracks from Brott et al. (2011) and those from Geneva for 12 and 15M predict an
increase of luminosity along the evolution at the end of the tracks, but the increment is, in the
best case, about one bolometric magnitude, far less in other tracks. So, to explain the observed
trends, which span more than 2 bolometric magnitudes in our data, but even more in previous
works (Levesque et al. 2005), luminosity changes along the evolution far larger than predicted by
the evolutionary models are needed. Since the trends that we observe are inconsistent with the
models, these objections must be treated with caution, and so both hypotheses seem consistent
with our data at this point. Detailed studies of individual open clusters in different galaxies are
needed to decide between them.
1Under the hypothesis that all RSGs have the same Teff, the second possibility is not fully incompatible with
the evolutionary tracks. Contrarily if, as our data seem to support, SpT is correlated to Teff, none of these
scenarios is supported by current evolutionary tracks
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Mass-loss
A positive correlation between mass-loss and luminosity has been widely demonstrated for RSGs
(e.g., Bonanos et al. 2010; Mauron & Josselin 2011). A dependence with SpT has also been noted
(Cohen & Gaustad 1973), with later types demonstrating higher mass loss rates (Humphreys
et al. 1972). This dependence with SpT is not as mere indirect consequence of the SpT-luminosity
relation, as it also happens at a given luminosity. van Loon et al. (2005) found an empirical
relation between the mass-loss rate and both luminosity and temperature for AGBs and RSGs
in the LMC. This relation establishes that the mass-loss rate grows for increasing luminosity
and decreasing temperature (i.e., later SpTs).
Bonanos et al. (2010) found that all the RSGs that they studied in the SMC presented a
lower mass-loss rate than those in the LMC. Thus, temperature seems to have a major role in
the mass-loss rates of CSGs. However, they noted that the colour that they used to estimate
mass loss (KS − [24]) measures mainly mass-loss related to dust, and there could be a fraction
of escaped gas that is not detected by this colour. On the other hand, (Mauron & Josselin
2011) conclude that the total estimated mass-loss for RSGs scales with metallicity. This result
suggests that the dusty mass-loss among SMC CSGs is lower than in those from the LMC not
only because of the less favourable conditions for dust condensation (lower metallicities and
higher temperatures than in LMC), but also because the total mass-loss is indeed lower in SMC
CSGs than in LMC ones. As our samples of CSGs for both galaxies are significantly larger than
those in these previous works, we can perform a more extensive study of relationships between
mass-loss, luminosity and SpT (i.e., temperature).
































































Figure 3.17: Spectral type to Mbol (derived from (J − KS)). Colour indicates the value of
KS − [W3], which is related to mass-loss (see text). The LMC data correspond to 2013 and
the SMC data correspond to 2012, because all the stars observed in 2010 and 2011 were also
observed in 2012 and 2013 and we wanted to avoid to alter the same CSG more than once. The
black cross represents the median uncertainties. We note that both figures are in the same scale,
to facilitate the comparison. Left (3.17a): CSGs from the SMC. Right (3.17b): CSGs from
the LMC.
The (KS − [12]) colour was shown to be a good mass-loss indicator for RSGs by Josselin
et al. (2000). Unfortunately, IRAS photometry is not available for all our stars. In consequence,
we have decided to use the WISE [W3] band (Wright et al. 2010), as it is similar to IRAS-
[12]. Fraser et al. (in prep) calculated that the difference between these bands is only an offset
([12] = W3 − 0.435). Thus, we have used the colour (KS − [W3]), calculated through the
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2MASS KS and WISE [W3]. The result is plotted in Fig. 3.17. For the luminous group from
the LMC, we can see that high values of (KS − [W3]) clearly concentrate on the most luminous
and latest CSGs. This behaviour matches with the prediction of the empirical formula proposed
by van Loon et al. (2005). The SMC CSGs exhibit the same behaviour, with the highest values
of (KS − [W3]) at highest luminosities and latest subtypes. Nevertheless, at a given luminosity
the values of (KS− [W3]) for the SMC sample are lower than those found for the LMC sample.
These results confirm the differences in dusty mass-loss rates (and thus in the dust produc-
tion) between CSGs from the LMC and the SMC found by Bonanos et al. (2010), but as the
colour (KS − [12]) is also related to dusty mass-loss, we cannot give new hints about the total
mass-loss rates. However, we have confirmed that at given luminosity CSGs from SMC are
warmer than those from LMC. Thus the surface gravities of SMC CSGs have to be higher than
those of LMC, and this is likely to result in lower mass-loss rates.
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Figure 3.18: Maximum change observed in SpT to KS− [W3], which is related to mass-loss (see
text). The samples used here are the same as in Fig. 3.14, but we have represented only those
stars observed on more than one epoch. The black cross represents the median uncertainties.
The circles are CSGs from the SMC, the squares from the LMC. Left (3.18a): The colour
indicates Mbol (derived from (J −KS)) Right (3.18b): The colour indicates SpT.
We have to note that while LMC CSGs present higher mass-loss than SMC ones, they have
less spectral variability. To explore if there exists a relation between mass-loss and spectral
variability, we have represented the maximum SpT change observed (Max(∆SpT)) and the
mass-loss indicator (KS − [W3]) in Fig. 3.18. It includes only those stars from 2012 (SMC)
and 2013 (LMC) that have been observed on more than one epoch. At first sight, there does
not seem to be a clear relation. However, there could be a few different trends present in the
plot. None of them is very clear, but we have to take into account that the measurement of the
maximum change in SpT is the result of only two or three measurements at different random
moments of their variation, i.e., even though Max(∆SpT) is indicative of the maximum intrinsic
spectral variation amplitude, it is not a definitive value. The Max(∆SpT) values may change
(to greater values of SpT variation) in future observations.
Most of the LMC CSGs identified as spectral variables (Max(∆SpT)> 1 subtype) seem
to follow a trend (Trend I). It begins around (KS − [W3])∼ 1.5 mag, growing slowly up to
(KS − [W3])∼ 2.5 mag at Max(∆SpT)= 4 subtypes. There are also two CSGs from the SMC
present in this trend. These two CSGs are more luminous than the LMC ones, but they share
their late SpTs and they have two of the three highest (KS − [W3]) values in our SMC sample.
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The behaviour of Trend I (a positive correlation between mass-loss and the spectral variation
amplitude) has not been reported before. However, there are a few RSGs known because of
higher mass-loss rates and larger spectral variability typical of RSGs. For examples, see Levesque
et al. (2007) for the MCs and Schuster et al. (2006) for the Galaxy. The second trend (Trend II)
is dominated by high luminosity CSGs from the SMC with detected variability, plus a few
objects from the LMC. It seems to begin around (KS − [W3])∼ 0.5 mag, and to end about
(KS − [W3])∼ 1.5 mag, reaching the largest Max(∆SpT) values. This trend is broad and
its lower (KS − [W3]) values grow slightly (∼ 0.2 mag) with Max(∆SpT), while their upper
(KS − [W3]) values grow more clearly, reaching ∼ 1.5 mag. It is worth noting that most of
the SMC CSGs in this trend have SpTs (from mid K to early-M) later than the average for
their galactic population. They may have higher mass-loss rates than other SMC objects simply
because lower temperatures favour mass-loss. There are a few early CSGs with large spectral
changes, but they might have been caught at the early edge of their spectral variation range.
There are also two groups of CSGs which do not present a clear correlation between Max(∆SpT)
and (KS− [W3]). One is formed by those CSGs without detected variability (Max(∆SpT)6 1),
but with a minimum (KS−[W3]) value of 0.5 mag. Most of them are from the LMC, and they are
found with any (KS− [W3]) value in our range (from 0.5 to almost 3 mag). There are also some
CSGs from the SMC, but they are only found with low values of (KS− [W3]) (less than 1 mag).
The other group without correlation is formed by those CSGs with (KS− [W3])< 0.5 mag. Most
of these objects are mid-luminosity (Mbol > −7.5) CSGs from the SMC, with early SpTs (early
K and G subtypes). Most CSGs in this group have detected spectral variation. However, they
do not show any clear trend with mass-loss. It can be argued that this group is in fact part of
Trend II. However we have decided to consider it a different group because it is comprised of
CSGs with relatively early SpTs and mid luminosity, while Trend II is composed by CSGs with
relatively late SpTs (in terms of the SMC) and high luminosity.
Table 3.5: Number of CSGs in each group described for Fig. 3.18 (see text), and the number
of them we have in common with Y&J. As they grouped their RSGs in two groups, the LSP
and LSP+SR (see text), we indicate how many of our stars belong to each of these groups. The
2-σ uncertain intervals for the fractions (∆f) are shown, which are equal to 1/
√
n (n is the total
number of CSGs in common with Y&J for the correspondent group).
Total CSGs in Groups from Yang & Jiang
Groups from number common LSP group LSP+SR group
Fig. 3.18 of CSGs with Y&J Num. Fract. ±∆f Number Fract. ±∆f
Trend I 16 6 5 0.83 0.41 1 0.17 0.41
Trend II 42 22 9 0.41 0.21 13 0.59 0.21
Max(∆SpT)6 1 77 32 15 0.47 0.18 17 0.53 0.18
(KS − [W3])< 0.5 73 21 19 0.90 0.22 2 0.10 0.22
Although Trends I and II seem similar, when we analyse the nature of the variation in the
CSGs in each trend, we find significant differences. We have used the cross-match done in
Sect. 3.2.2 between our samples of CSGs observed on multiple epochs and the variable RSGs
studied by Y&J (see Table 3.5). They classified their RSGs according to their dominant type of
photometric variability in two groups. One is composed by those with short LSPs (P < 1000 d)
and SRs, which have in common periods of a few or several hundred days (LSP+SR group
onward). The other group is composed by LSPs with periods of a few thousand days (LSP
group onward). It seems accepted that the LSP+SR variability is caused by radial pulsations,
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while the origin of the LSP ones is not clear even though a number of different mechanisms have
been proposed (binarity, pulsation, convection cell, and surface hot spot; see Yang & Jiang 2012,
and references therein). In any case, it seems clear that the underlying mechanism is different
from that causing the radial pulsation of the LSP+SR group.
As we show in Table 3.5, Trends I and II present significantly different fractions of CSGs
classified as LSP or LSP+SR by Y&J. While Trend I is dominated by those with periods of
thousands of days (LSP group), Trend II presents a similar number of stars from both groups,
LSP and LSP+SR (those with hundreds of days). In consequence, it seems unlikely that both
trends may be manifestations of the same effect at different metallicities. On the other hand,
the low mass-loss group ((KS− [W3])< 0.5) is dominated by LSP stars from the SMC. In this, it
might be related to Trend I , which is mostly formed by LSP stars from the LMC. However, the
two groups do not seem to share any other physical properties when compared to the rest of the
population in their respective galaxies. While Trend I stars present SpTs and mass-losses similar
to the other LMC stars (the group without detected variability, i.e. Max(∆SpT)6 1), the low
mass-loss components are earlier and with lower mass-losses than the CSGs from Trend II.
In summary, even though we find some hints of correlations between mass-loss, spectral
variability and the variability mechanisms, their interplay seems to be very complex. Further
investigation is required to understand these connections.
3.3.2 Spectral type distribution
The SpT distribution of RSG populations has been studied in the past (Humphreys & Davidson
1979; Elias et al. 1985; Massey & Olsen 2003), for a few galaxies (Levesque 2013, and references
therein), even though only the MW and the MCs have been characterized with large observed
populations. From all these works, two facts emerge: the SpT distribution has a bell-shape, and
the centre and the range of this distribution depend on the metallicity of the host galaxy.
With the aim of checking the coherence of our spectral classification with respect to previous
works, we have plotted the SpT distribution for each Cloud (see Fig. 3.19). For these histograms
we have only used the 2012 SMC and 2013 LMC data: they contain all the stars from 2010 and
2011 too, and this way we avoid repetition. According to the literature, we expected distributions
centred on K5 – K7 for the SMC and on M2 for the LMC (Levesque 2013). Our distributions
show marked differences from this.




























Figure 3.19: Left (3.19a): Spectral type distribution for SMC CSGs Right (3.19b): Spectral
type distribution for LMC CSGs.
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Levesque & Massey (2012) noted that their SpT distributions from low metallicity galaxies,
such as the SMC, might be incomplete because they only observed supergiants of K and M
SpTs, while the CSG distribution seemed to continue into G subtypes. We have observed a
significant number of late-G SGs in the SMC (84), confirming this suspicion (see Fig. 3.19a).
The mean SpT for our SMC sample is K1, much earlier than in previous works: K5 – K7 in
Massey & Olsen (2003) and Levesque (2013), and M0 in Elias et al. (1985). This difference
is partly due to the inclusion of G CSGs in the SpT distribution moving the mean to earlier
subtypes, but also because of the luminosity-SpT trend: in previous works the number of CSGs
observed was smaller, and they were the brightest targets available. Therefore, these samples
are biased towards the most luminous CSGs, which are also those with the latest SpTs.
The asymmetric SMC distribution toward later subtypes (K and M) is probably caused by
two factors: an over-representation of RSGs with late types and a lack of G supergiants, both
caused by our selection criteria. As we showed in Fig. 9 from GDN2015, our selection efficiency
is significantly higher for late-K and M subtypes than for earlier ones, although it grows again
for mid G stars. Indeed, 49 G SGs were found among the targets selected by our criteria. In
spite of this, we can be certain that there is a large number of early or mid-G CSGs that we
did not observe. The work by Neugent et al. (2010) identifies 176 YSG candidates, and none
of the 49 G SGs selected by our criteria are in common with their list. In addition to our own
targtes, we also observed stars from this list of 176 YSG candidates as low priority targets to fill
spare fibres. Of 43 stars in this list that turn out to have a late SpT (a significant fraction have
B, A or F SpT), we have classified 35 as G SGs, with the other eight being later. In view of
this incompleteness in the sample of G-type SGs, the mean SpT for SMC CSGs could be even
earlier than K1, which is already significantly earlier than in previous works.
Unexpectedly, the LMC distribution does not seem to have a clear central peak, but rather
to be bimodal, with a maximum centred at K4 – K5 and a secondary peak at M2 – M3. A
slightly similar behaviour has been found for the LMC before, by Levesque & Massey (2012),
but the bimodality was not so clear. Apart from the maximum at M2, their data hint at a
second maximum at mid-K, but the number of K-type stars in their LMC sample is too low
(less than 10 CSGs with K subtypes) to consider it statistically significant. This bimodality
has not been commented, analysed or explained before in any work. The Galactic sample in
Levesque & Massey (2012) shows a more clear secondary maximum at mid K, but in the MW
most of the K supergiants are low-luminosity objects, and many are found in clusters too old
to host real RSGs. Therefore, a significant fraction of K Ib stars should not be real supergiants
but high-luminosity red giants (Negueruela & Marco 2012). Thus, the apparent bimodality in
the MW arises from the inclusion of a number of objects that are physically red giants in spite
of their morphological classification. In contrast, our LMC sample hardly contains Ib stars with
Mbol < −6 mag, and thus it is impossible that bimodality would be caused by a similar effect.
Initially, we considered the possibility that this bimodality might be caused by a systematic
error in the spectral classification, but this is easily ruled out. We have verified that SpT is a
qualitative measurement of the temperature, and we have another variable related to tempera-
ture, EW(Ti i), whose measurement is independent of the SpT2, and therefore not affected by
any systematic error in SpT classification. In Fig. 3.20, we represent the distribution of EW(Ti i)
in a histogram, where the size of the bin has been determined by the Freedman-Diaconis rule
(with a scale factor 0.8). This histogram presents a minimum at EW(Ti i)∼ 1.5 A˚. This value
roughly corresponds to SpTs M0 – M1 (see Fig. 3.5b) as we should expect if the minimum in
the SpT distribution is not a product of a systematic error in the classification. However, we
2Ti i lines were measured only in the CaT spectral region, while the SpTs were assigned by inspection of the
optical range, and are thus totally independent.
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Ti histogram, mean = 1.46, sigma = 0.16, median = 1.46
total numer of stars =  154 (Muestra total)
Figure 3.20: Histogram of the sums of the equivalent widths of Ti i, for the LMC 2013 sample.
The CSGs later than M3 have been not included here, because their EW(Ti i) are affected by
TiO bands (see Sect. 3.1). The few and scatter CSGs with values of EW(Ti i) lower than 1 A˚
have been considered outliers for this histogram, and have been not included. The width of the
bins have been calculated by the Freedman-Diaconis rule, multiplied by a factor of 0.8.
have to note that the minimum in the distribution of EW(Ti i) does not seem so low as that
in Fig. 3.19b. This is because of three reasons. Firstly, the correspondence between EW(Ti i)
and SpT is broad. At a given subtype, we have a dispersion as large as 0.4 A˚ in EW(Ti i).
Secondly, the linear behaviour exhibited by EW(Ti i) starts to change (becoming less sloped) at
M1 – M2. Thus, we have many M2 and M3 stars with values of EW(Ti i) around 1.5 A˚. Finally,
because of the effect of the TiO bands over the Ti i lines, we did not measure EW(Ti i) in CSGs
with SpTs later than M3. In consequence, the values of EW(Ti i) larger than 1.5 are slightly
underpopulated.




























Figure 3.21: Spectral type distributions for stars in the LMC, segregated by luminosity. Left
(3.21a):Segregation done by the assigned LC (Red: Ia and Ia – Iab; Blue: Iab and Iab – Ib;
Green: Ib and Ib – II) Right (3.21b): Segregation done by Mbol (Red: Mbol < −6.92; Blue:
−6 > Mbol ≤ −6.92; Green: Mbol ≤ −6).
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A closer examination of the sample shows that most of the RSGs in the second maximum
are high-luminosity objects, with luminosity classes Ia and Ia – Iab. To check the reality of this
effect, we segregated the data by their LC (Fig. 3.21a), and found that the bimodality is caused
by the superposition of two different distributions, one dominated by high luminosity CSGs
(Ia or Ia – Iab), and the other by mid-luminosity (Iab or Iab – Ib) CSGs. This is coherent with
the SpT-luminosity relation. To make sure that there is no systematic effect in the assignation
of luminosity classes leading to this bimodal distribution, we have used the Mbol as a direct
measurement of a star’s actual luminosity. We calculated Mbol in Sect. 2.1.7, and its value
is completely independent of the LC or SpT assigned. We split the LMC sample in three
groups. The faint group, with Mbol > −6 mag, contains the lowest luminosity CSGs; as we have
shown before (Sect. 3.3.1), these stars present a different behaviour to mid- and high-luminosity
CSGs. We will not use this faint group, as our sampling at these luminosities is very sparse
and certainly biased, and contamination by luminous AGB stars cannot be discarded. For stars
with Mbol < −6 mag, we have used the median value (Mbol = −6.92) to split the sample, with
the mid-luminosity group comprising stars with −6.92 < Mbol < −6 mag, and the bright group
formed by stars with Mbol < −6.92 mag. In Fig. 3.21b, we plot the result of this segregation
finding a distribution very similar to that obtained using our LCs. If anything, the separation
between the two populations becomes more obvious.
To evaluate whether the bimodality is statistically significant, we tested if both luminosity
groups can be considered part of the same population (the bimodality is not statistically sig-
nificant), or if they can be treated as different statistical populations. For this, we used the
Kolmogorov-Smirnov test (KST), because we do not know a priori if these distributions are
normal or not. The KST cannot be used for discrete data, as is the case of our SpT classifi-
cation. Therefore we transformed our sample to a continuous distribution by following these
steps: firstly, we split the sample in three groups by their LCs, as explained above. Secondly,
we counted how many stars belong to each spectral subtype, separately for the high- and mid-
luminosity samples. Then, for each subtype, we generated a random normal distribution of
subtypes with the same number of objects that the subtype originally has, centred on the cor-
responding subtype and with a sigma of 1 subtype (the mean uncertainty). To avoid random
fluctuations, we generated 10 000 continuous SpT distributions, calculating then the KST for
each one. The fraction of randomly generated SpT distributions that pass the KST also gives us
an idea of the likelihood that another observational sample similar to ours would give a similar
bimodal behaviour in its SpT distribution. The same process has been also done for the groups
segregated by Mbol values.
In the KST, the null hypothesis is that both groups (high- and mid-luminosity) come from
the same statistical population. We obtained that all the continuous randomly generated SpT
distributions have probabilities that the null hypothesis is correct lower than the 3-σ significance
level, with medians of 2 ·10−6 and 10−8 for LC and Mbol segregations respectively. Therefore, all
of them reject the null hypothesis, meaning that the presence of two populations with different
SpT distributions is confirmed as the cause of the bimodality.
For the SMC, both segregation options, by Mbol (with median Mbol = −6.88 mag) and by
LC (see Fig. 3.22), do not show the same bimodality we find in the LMC. Nevertheless, when
we segregate the stars by Mbol, we find that high-luminosity CSGs have slightly later types than
mid-luminosity ones, which is a logic consequence of the SpT-luminosity relation. The lack of
bimodality for the SMC SpT distribution could be a consequence of the previously commented
lack of mid-G CSGs in our sample, if all of them would be mid-luminosity CSGs. Even if this
hypothesis is right, still the high-luminosity CSGs from the SMC span a wide variety of SpTs
(from mid G down to M4). Therefore, a hidden bimodality among SMC CSGs does not seem
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Figure 3.22: Spectral type distributions for stars in the SMC, segregated luminosity.Left
(3.22a):Segregation done by the assigned LC (Red: Ia and Ia – Iab; Blue: Iab and Iab – Ib;
Green: Ib and Ib – II) Right (3.22b): Segregation done by Mbol (Red: Mbol < −6.88; Blue:
−6 > Mbol ≤ −6.88; Green: Mbol ≤ −6)
likely.
We have to take into account as well the possibility that the bimodality in the LMC is caused
by a selection effect on our sample. As this effect would need to filter out a large number of CSGs
with high or mid luminosities, it should affect the extremes of our luminosity-SpT distribution
(stars too faint or too bright), not its centre. Moreover, as can be deduced from Fig. 9 in
GDN2015, the QIR pseudo-colour criterion that we used would leave out preferentially stars with
early-K or late-M-types, but should be very effective for SpTs close to M0, where the separation
between the two peaks lies. For these reasons, the possibility of a selection effect causing the
bimodality is very unlikely. Finally, we have evaluated the spatial distribution of high- and
mid-luminosity CSGs in the LMC, and we have not found any significant inhomogeneity that
may explain the bimodality as a consequence of our spatial sampling.
The alternative to a selection effect is that the SMC and the LMC CSGs show a different
physical behaviour. For the SMC, all (or almost all) of the observed CSGs are in the same evolu-
tionary state, characterized by low dust production and probably low mass-loss (see Sect. 3.3.1)
at all luminosities. Instead, the CSGs from the LMC seem to have two differentiated states,
one (named state I onward) composed by most of the mid-luminosity CSGs and a few of the
high-luminosity ones (which are indeed the most luminous and the latest within this state), and
the other one (state II onward) formed by the majority of high-luminosity CSGs, with some
mid-luminosity CSGs among the less luminous and earlier stars within it this state. The state I
CSGs are characterized by earlier SpTs (mean SpT of K5) than state II (mean SpT of M2.5),
and lower mass-loss rates and dust production. The CSGs from state II have mostly M subtypes,
significant dust production and, likely, higher mass-losses (see Fig. 3.17).
Using the relation log (M˙d/M˙a−1) = 0.57(K − [12]) − 9.95 from Josselin et al. (2000),
we can estimate the mass-loss rate in form of dust3, M˙d, in our samples. We use here the
equivalence [12] = W3−0.435 calculated by Fraser et al. (in prep.). We caution that this is just
a rough estimation, because the relation was obtained from a MW sample, while our samples
have significantly different metallicities. The typical values of (KS − [W3]) among CSGs from
state I are around 0 mag, which corresponds to log (M˙d/M˙a−1) ∼ −10.2. For the state II, the
3For LMC RSGs the gas-to-dust ratio in the mass-loss is usually took around 500 (Mauron & Josselin 2011).
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typical values of (KS − [W3]) are around ∼ 2, which corresponds to log (M˙d/M˙a−1) ∼ −9.0.
Thus, the mass-loss rate of the CSGs in the state II is higher than those of CSGs in the state I by
more than one order of magnitude. In the SMC, instead, almost all the CSGs have (KS− [W3])
values between 0 and 1, which correspond to values of log (M˙d/M˙a−1) between −10.2 and
−9.6.
The question then is, why is there not a gradient from one state to the other? In the SMC
we see a smooth variation of (KS − [W3]) with SpT, but in the LMC, the state II group is
concentrated at late SpTs (see Fig. 3.17), with its own SpT distribution. The shift in SpT
and the lack of a gradient suggest that, when the stars reach some physical conditions, namely
sufficiently high luminosity and sufficiently low temperature4, they become unstable and evolve
quickly toward later SpTs and higher luminosities, while at the same time increasing significantly
their mass-loss rate.
It is important to note that the evidence found does not necessarily imply that these state II
CSGs are more evolved than state I ones, as Davies et al. (2013) seem to suggest when they
state that RSGs with high luminosity, late SpT and high mass-loss rate are more evolved. In
view of standard evolutionary tracks (such as those in Fig. 3.16), the state II may be formed
by a mixture of RSGs sufficiently massive to have reached these conditions evolving from blue
supergiants at roughly constant luminosity and some with lower masses that have reached a
luminosity high enough to be in this state because of their evolution in the RSG phase (see the
discussion in Sect. 3.2.2). Given the shape of the IMF, there should be more lower-mass RSGs
reaching this state. However, the CSGs with lower masses should be in a more evolved stage
to have reached this high luminosity, and so the time they spend in this state has to be short.
Since these effects cancel out, there is no a priori reason to think that they should dominate the
population of state II. Moreover, a significant number of state II RSGs have Mbol ∼ −8, and the
evolutionary tracks predict that only those RSGs with M > 15M may reach such luminosities.
Therefore there must be a significant fraction of massive RSGs in state II, corresponding to the
massive RSGs with late SpTs in the MW discussed in Sect. 3.3.1.
Another interesting question is whether there is a population equivalent to state II in the
SMC. As pointed out by Levesque et al. (2007), there is a number of RSGs in the SMC with
luminosities and mass-loss rates that may be equivalent to state II. Since these stars are extreme
in their conditions with respect to other CSGs from the SMC, we do not expect a large number
of them. In consequence, they are too scarce to cause a noticeable bimodality in the SpT
distribution. There are four stars in our sample that, according to their position in the SpT-
luminosity diagram and their mass-loss, could be in state II: [M2002] 18592, the most luminous
star in our SMC sample with Mbol ∼ −9, [M2002] 55188 (which was already studied in Levesque
et al. 2007) and SMC400, both with types later than M2 and with Mbol < −7, and SkKM13,
which has Mbol ∼ −8 and was classified as M1.5 in our 2012 observation, but as M3 in 2010.
Moreover, two of them, [M2002] 18592 and SkKM13, fall along variability trend I (dominated
by LMC luminous stars) in Fig. 3.18. The existence of these few CSGs in the SMC seems to
support the scenario proposed, as their SpTs are extreme for the SMC SpT distribution. If so,
these stars would have reached such late SpTs (really uncommon among SMC CSGs) through
the feedback mechanism proposed earlier.
If we attribute the very different fraction of stars reaching the state II in the SMC and the
LMC to their difference in metallicity, we should then expect RSGs with properties similar to
those in state II to be significantly present in the MW. Elias et al. (1985) show their sample
of Ia and Iab RSGs for three galaxies in their Fig. 1. While the mean SpT for the combined
population of Ia and Iab RSGs from the MW is around M2, for the Ia objects alone, it is
4In the LMC these conditions correspond to (Mbol < −7) and SpT M0–M1
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around M3 – M4. Thus, similarly to the MCs, the SpT distribution in the MW also presents a
shift to later subtypes between mid- and high-luminosity RSGs. Moreover, many of the MW
Ia RSGs are well-known to display signs of very heavy mass-loss (Humphreys & Ney 1974).
On the other hand, in the sample of Elias et al. (1985) there is no evidence of a miminum in
the SpT distribution between both states. This might have a physical reason if the instability
conditions are fulfilled only at the early M subtypes (M0 – M1), because the typical subtypes
of Iab supergiants in the MW are around M2, and so the minimum would not be noticeable.
However, this lack of a minimum may also be due to sampling effects, because our sample has
a higher fraction of high-luminosity CSGs than the typical galactic samples. For example, some
of the MW CSGs with the latest spectral types, highest luminosities and largest mass-loss rates
(e.g., VX Sgr, S Per or VY CMa; see Schuster et al. 2006; Wittkowski et al. 2012) are not present
in the list of Elias et al. (1985).
Very luminous RSGs with SpTs later than the average have been observed in some Galactic
open clusters, for example Stephenson 2 (see the discussion about it in Sect. 3.3.1 and the work
of Negueruela et al. 2013). This SpT bimodality among the galactic RSGs in open clusters also
seems to support our hypothesis of two separate states. These clusters have a given age, but
some of them contain one or a few RSGs whose SpTs are later and whose luminosities are quite
higher than those of the rest of the RSGs in the cluster. Thus, if the difference between the
two states is due to evolution along the RSG track, the pass from one state to the other has
to be a relatively quick process, because the lifetime of these stars in the RSG phase is short.
Unfortunately, clusters in the MW typically have a small number of RSGs and so contain only a
few, if any, late and bright RSGs with mass-loss. For example, NGC 7419, the cluster with the
largest number of RSGs in the solar vicinity, only contains five RSGs, four Iab with SpTs around
M1 and one with a late SpT (MY Cep, M7.5 I), which is much brighter (Marco & Negueruela
2013). Thus, the distribution of SpTs among RSGs in galactic open clusters also seems to point
to a bimodal distribution, but the clusters do not provide the numbers needed to have statistical
significance.
This separation in two evolutionary states has not been described before, even though many
works have studied RSGs in the MCs. There are good reasons for this, as the separation becomes
evident only once a large enough sample of CSGs is available. In addition, previous works that
have studied large numbers of CSGs from the LMC lacked enough mid-luminosity stars, as they
focused their efforts on the bright end of the distribution (Mbol < −7; Massey & Olsen 2003;
Levesque et al. 2006). Conversely, Neugent et al. (2012) present a large number of CSGs and
reach low enough luminosities, but they do not perform spectral classification, or evaluate their
mass-loss. However, we have to note that some works have already highlighted the presence of
some very late, high-luminosity and high-mass-loss CSGs in the MCs (e.g., Humphreys 1974;
Elias et al. 1986; Schuster et al. 2006; Levesque et al. 2007).
3.4 Conclusions of this chapter
1. We have found a strong correlation between SpT and EW(Ti i), a weaker correlation be-
tween SpT and EW(Fe i), and an almost flat trend for EW(CaT) against SpT in both MCs.
Our data also show that Mbol has a strong correlation with EW(Fe i), and significant ones
with EW(CaT) and EW(Ti i). EW(Ti i) has the weakest correlation with Mbol among the
three indices measured. Finally, we have studied the changes in the spectral indices when
a given star experiences changes in SpT (naturally, restricting our study to spectrally vari-
able CSGs), finding that there is a significant correlation between changes in the EW(Ti i)
index and changes in SpT. On the other hand, there is no correlation at all (coefficients
3.4. CONCLUSIONS OF THIS CHAPTER 85
∼ 0) between changes in SpT and variations in the indices EW(Fe i) and EW(CaT), none
of which seems to change significantly, even when the star experiences changes larger than
half a spectral type. Our synthetic spectra (as well as classical spectral classification crite-
ria) suggest that EW(Ti i) should be the index with the strongest dependence on Teff and
the weakest dependence on luminosity, while EW(Fe i) and EW(CaT) should be more sen-
sitive to luminosity and much less to Teff. These correlations are hardly compatible with
the hypothesis that all RSGs have the same Teff with their SpTs determined by luminosity,
except if the behaviour predicted by 1D models for atomic lines is completely wrong. In
consequence, we consider it much more reasonable that, at least in the range from G0
to early-M types, spectral type is determined by temperature much more directly than
by any other physical properties. Therefore it should be possible to define a Teff scale for
CSGs. The scale itself will likely depend to some degree on the atmosphere models used as
references, and may even be slightly different if calculated with different spectral features
because not all features are produced at the same depth in the extended atmospheres of
CGSs.
2. Despite this, we have confirmed through robust statistical tests the previous suggestions
that the CSGs from each galaxy show a clear trend towards later SpTs as the luminosity
increases. This correlation is much stronger in the LMC, because substantial spectral
variability somewhat hides it in the SMC. None of the current families of evolutionary
models predicts this sort of behaviour. We consider two possible interpretations: either
more massive (and hence more luminous) stars tend to display later spectral types or
all stars evolve to higher luminosity and lower Teff after some time as RSGs. These two
scenarios are not exclusive. In any case, since changes in SpT seem to reflect real variations
in Teff, the dependence of SpT on luminosity is indirect.
3. We find that the fraction of stars with observed spectral variability and the amplitude
of variations are significantly larger for the sample from the SMC than for that from
the LMC. Comparison to the work of White & Wing (1978) shows that RSGs from the
MW display even less spectral variability and smaller amplitudes than the LMC sample.
Thus, a relation between metallicity and variability appears to be present. Using data
on photometric variability from the literature, we have studied the relationship between
photometric and spectroscopic variability, and we find that the number of observed spec-
tral variables is significantly lower in the case of the sample from the LMC even among
photometric variables. This may simply be a consequence of the later SpTs in the LMC.
For a given change in colour, spectral variations are less noticeable for late SpTs, as was
already suggested by Elias et al. (1985).
4. Using the (KS− [W3]) colour as a proxy for mass loss, we have confirmed that, at a given
luminosity, CSGs from the LMC have higher mass-loss rates than those from the the SMC
(Bonanos et al. 2010). We have found strong hints of correlations between (KS−[W3]) and
the observed spectral variation when different sub-populations are considered. However,
only a fraction of the CSGs in our samples follow these trends, making their interpretation
unclear.
5. We confirm the trend to earlier spectral types with decreasing metallicity found by previous
works. As at a given luminosity SpT seems to indicate Teff, the CSGs from the LMC should
be cooler than those from the SMC and thus larger.
6. The distribution of SpTs in the SMC is centred at K1, a subtype much earlier than
found in previous works. This is partly due to the large number of G supergiants that
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seem to complete the distribution toward early types, as Levesque & Massey (2012) had
already suspected. All previous works had only used K and M SGs. A second likely
explanation is the extension of our sample to lower luminosities, as the luminosity/SpT
correlation implies that many of the low-luminosity RSGs will be of early type. Since our
sample is very incomplete for G SGs, further displacement to earlier types of the peak is
possible. In any case, we have to caution that spectral variability is high (with changes
up to a whole spectral type) in the SMC, including some of the brightest RSGs. If this
variability continues till the end of their life, the use of non-coeval observations to identify
SN progenitors in low-metallicity environments may give rise to some inconsistencies.
7. The distribution of SpTs in the LMC does not present a clear peak. There are two peaks
centred at K4 – K5 and M2 – M3, with a statistically significant decrease in between. This
gap is not caused by systematics in the spectral classification or selection effects nor by
the physical size of the spectral-type bins because it is also seen in the distribution of
EW(Ti), a directly observed magnitude. The peaks are a consequence of the bimodality of
the distribution itself, which can be divided in two groups: one formed by mid-luminosity
(Iab) CSGs, which have earlier types, and the other formed by the high-luminosity (Ia)
CSGs, with predominantly M-types. The existence of a minimum between the two groups,
around types M0 – M1 strongly suggests that this difference is not simply a consequence
of the relation between spectral type and luminosity. In addition, these groups display
significantly different mass-loss rates (the difference is much larger than the difference
between Ia and Iab CSGs in the SMC). Given the analogy with the distribution of spectral
types for RSGs in Milky Way open clusters, we suggest that this difference is a consequence
of two separate evolutionary states.
8. If this interpretation is correct, stars that reach a sufficiently high luminosity and a suffi-
ciently low temperature (roughly corresponding to M0 Ia for the LMC) experiences some
kind of instability that displaces them to even lower temperatures. This change results
in an increase of the mass-loss rate by about one order of magnitude. Stars in the SMC,
even those with high luminosities, do not seem to reach these conditions. There is indirect
evidence of a similar behaviour in the MW, though the jump in the Galaxy may occur
around spectral type M3. If this jump is, as suggested above, an evolutionary effect, some
(or most) RSGs at typical LMC metallicity and higher will pass through a phase of en-
hanced mass loss and higher bolometric luminosity close to the end of their lives as RSGs.
This may have some consequences for the detectability of type II SN progenitors since
they could be more obscured than simple evolutionary models predict.
Chapter 4
Characterization of red supergiants
in the CaT spectral range.
In this chapter, we set out to derive spectral and luminosity classification criteria making use of
the spectral features available in the spectra of cool luminous stars. These criteria will be useful
for the analysis not only of our survey, but also of the products of forthcoming spectroscopic
surveys, such as those that will be conducted with Gaia or WEAVE.
4.1 Previous considerations
We observed the SMC on three epochs (2010, 2011, and 2012) and the LMC on two (2010,
and 2012) (see Section 2.1 for the details). However, for this chapter we are only using the
data from SMC-2012 and LMC-2013. There are two reasons for this. Firstly, the spectral
range observed in 2010 did not cover the TiO bandhead at 8859 A˚. Secondly, in 2010 and 2011
only previously known RSGs were observed. The surveys of 2012 and 2013, however, were
exploratory, using a candidate selection plus a significant number of previously known RSGs
– in fact, almost all the known RSGs observed in 2010 and 2011. Therefore mixing these
epochs would lead to redundancy for the hundred previously known RSGs, while letting out the
2012 or 2013 campaigns would exclude a large number of new CSGs. We also included non-
supergiant objects later than G0, because these stars passed the cut of the photometric criteria,
and therefore represent the kind of interlopers to handle in a survey looking for RSGs. Thus,
any useful spectral criteria should be able to separate these stars from the CSGs. In addition,
we used also the data of standards (LC I to LC III) and well known RSGs from the Galaxy, to
extend our metallicity range (see Section 2.2 for the details). Table 4.1 has a summary of the
data used for the present chapter.
The spectra from the MCs and those from the MW were observed with different instru-
ments at slightly different resolutions (R ∼ 11 000 and R ∼ 10 500 respectively). Thus, before
measuring their spectral features, as explained in Section 2.5, we re-sampled the spectra from
both instruments to the same uniform resolution, R = 10 000, by convolving the spectra with a
gaussian kernel. Later, we compared the measurements done with and without the convolution,
and we found the mean difference for each measurement to be smaller than the corresponding
typical uncertainty. We conclude that this convolution from R ∼ 11 000 and R ∼ 10 500 to
R ∼ 10 000 does not affect significantly our results and, in consequence, future works using a
similar resolution (as is the case of the Gaia RVS) may utilise our results without the need to
re-sample their spectra to R ∼ 10 000.
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Table 4.1: Summary of the data used in this work, split by origin, LC and SpT. Note that
non-CSGs from the SMC and the LMC are mostly foreground objects (see text) from those
surveys, and therefore they do not belong to the MCs.
From SpT Number of
LC I LC II – III LC IV – V Total
G 116 25 66 207
SMC K 151 54 36 241
M 36 7 7 50
G 6 2 0 8
LMC K 94 16 4 114
M 124 37 1 162
G 2 0 0 2
Galaxy K 11 7 0 18
M 49 47 0 96
G 124 27 66 217
Total K 256 78 40 374
M 209 91 32 332
All 589 195 114 898
4.2 Analysis of the sample applied to the identification and clas-
sification of cool supergiants
4.2.1 Principal Component Analysis: calculation and applications
Principal Component Analysis (PCA) is a statistical method that finds the directions of max-
imum variation in the multidimensional space of the input data. These directions are the
Principal Components (PCs), determined by a list of coefficients, i.e. the coordinates of these
directions in the input data space. Applying the bootstrapping process, as a way to insure
that the results obtained would not be driven by the stochasticity of a particular sample to the
input sample, or to any analogous sample with the same lines and bandheads measured, the
coefficients of the PCs are obtained, i.e. the coordinates of the sample in the PC space.
The bast majority of our stars have no emission lines, while for the few RSGs and AGBs which
present this effect, it is weak, with the lines actually dominated by the absorption. Thus, there
is not any star in our sample with negative EW values because of emission. Such values come
exclusively from lines that disappear almost completely because of the presence of molecular
bands, but also when the atomic line is too weak to be measured (in most cases because the
star is too early to display it). So, we have assigned a value of 0 to all the negative EWs for the
PCA calculation.
We performed the PCA through a bootstrapping process, as a way to insure that the results
obtained would not be driven by the stochasticity of a particular sample. For this, we first took
a random subsample of 500 stars from our whole sample of almost 900 stars. Then we performed
the PCA for this subsample. This process was repeated 10 000 times. In this way, for each PC
coefficient we obtained a distribution of values, taking its median as the final value, and having
its standard deviation as a measure of its reliability.
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In a first study we used all the EWs and bandheads detailed in Tables B.1 and B.2. We tried
then a shortened line list, including only those lines whose identification is certain, finding that
it leads to less noisy results. This reduced list contains all the lines of Ca ii, Fe i, Ti i, Mn i, Si i
and Mg i, except those marked with ”?” because we are not sure about their chemical species.
We also removed Fe i 8621.5 A˚ and Ti i 8623 A˚ and the VO bandhead at 8624.5 A˚, because
they may be affected by the Diffuse Interstellar Band (DIB) at ∼ 8621 A˚, in an unpredictable
way. The exact position of the DIB in the spectra depends on the relative radial velocities
between the interstellar medium that generates the DIB and the observed target, and thus it
may appear at different positions around ∼ 8621 A˚. The depth of this DIB depends on the
amount of extinction to the target, which is not a problem for our sample, but will be for other
samples affected by moderate or high extinction. In total, our shortened list contains 29 atomic
lines and 3 bandheads.
Because of the nature of the PCA, the first few PCs contain most of the variance, while
later PCs contain progressively less, as shown in Fig. 4.1. That is why the standard deviation
values for the coefficients of PC6 and later are significantly higher. For our PCA, PC1, PC2
and PC3 together contain more than 80% of the accumulated variance. To reach 98%, the first
15 PCs are necessary. Therefore we only show here the first three PCs, which display the clearest
correlations with SpT and LC (see Figs. 4.2, 4.3, and 4.4). Tables B.3, B.4, B.5, and B.6 show
the lineal combinations through which PCs were calculated.
PC1 has a clear relation with both LC and SpT (see Fig. 4.2). For early SpTs, the SpT
distribution of the SGs has a negative correlation with PC1 down to M2, where the minimum
value of PC1 is reached. Non-SGs have a similar behaviour, forming a strip parallel to the SGs.
From M2 toward later subtypes, both SGs and non-SGs are mixed in the same strip, which has
a positive correlation between PC1 and SpT. The change in the behaviour of PC1 around M2
may be caused by the appearance of molecular bands from ∼M2 onward (see Section 4.3.3). As
these bands grow in depth, the atomic lines become progressively weaker due to the erasure of
the continuum.
PC2 has an easier interpretation (see Fig. 4.3). It shows a very clear correlation with SpT
for all SGs, and it seems not to be affected by metallicity, as the stars from different galaxies
present the same behaviour. The separation between early SGs and non-SGs is less clear than
in PC1, but still significant for SpT earlier than late K subtypes.
We can divide PC2 in three regions, regarding its relation with SpT: one for subtypes earlier
than ∼M2, with a negative slope. The second range goes from M2 to M7, with a more markedly
negative slope. Finally, for stars M7 or later, which are poorly sampled, the slope seems to
become positive. The two changes are caused by the behaviour of TiO bands. As with PC1, the
change at M2 is because of their first appearance. The break at M7 is because the TiO band at
8432 A˚ has become so strong that it is affecting the depth of the other bands, which probably
are saturated: instead of growing, the bands become weaker for later SpTs (see Section 4.3.3),
while atomic lines have almost disappeared.
In the PC3 diagram (see Fig. 4.4), the data from each different galaxy cover a different region,
but without any clear dependence on SpT. For SpTs earlier than ∼M2, PC3 also separates the
non-SGs from the SGs, although there is a partial overlapping for M stars of all LCs.
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Figure 4.1: Summary of variance fractions of the principal components calculated from the
shortened input list. The red circles are the individual variance (left vertical axis). The blue
circles are the accumulated variance (right vertical axis). As the PCA calculations were done for
10 000 random samples, each circle is the median of the 10 000 variances obtained for each PC.
The error bar in each point is its correspondent standard. The circles without error bars have
errors smaller than the circle itself. Only the first 20 PCs are displayed here. The horizontal
dashed line marks 98% of the accumulated variance.
4.2.2 Identifying supergiants
Principal components
In order to generate diagnostics, we have decided to combine the three first PCs in diagrams,
because each PC contains information about the LC and SpT.
In Fig. 4.5 we show the (PC1, PC2) diagram. The data follow a clear sequence that depends
mainly on SpT, because of the behaviours described in Section 4.2.1. This diagram is very
informative, and it can give a rough estimate of the SpT and LC of a star, by simply looking at
its position. In addition, we have to note that all the stars follow the same trends regardless of
their galactic origin (i.e. their metallicity).
The (PC1, PC3) diagrams (Fig. 4.6) provide a very good way to separate the SGs from the
non-SGs (see Fig. 4.6), by simply tracing a line between both groups. If we apply this criterion,
we find that almost all the stars that are not classified correctly have SpTs later than ∼M3 (see
Fig. 4.6, panel b). This is because the M type SGs, specially those with late subtypes, tend to
be in the same areas of the diagram as the non-SGs. Therefore, the number of wrongly classified
stars can be reduced by first using the (PC1, PC2) diagram to flag out these late stars.
These diagrams provide an easy way to obtain a preliminary SpT and LC classification,
specially for stars earlier than M3. As most RSGs from our Galaxy are expected to be earlier
than M3 (Elias et al. 1985), these diagrams can be used for a quick classification, but not for
accurate classification. We need to develop more efficient classification schemes, not based on
bi-dimensional diagrams, but taking advantage of the space formed by the first 15 PCs (which
contain more than 98% of the accumulated variance).
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Figure 4.2: Spectral type against PC1 for all the stars in our sample. The colour indicates the
luminosity class. The shape indicates their origin, circles are from the SMC survey, squares are
from the LMC survey, diamonds are galactic standards, inverted triangles are from the Perseus
arm survey. The error bars indicate the uncertainty for SpT estimated in Section 2.1.5, and
the median uncertainty for PC1, which has been calculated by propagating the uncertainties
through the lineal combination of the input data (EWs and bandheads) to the PCA coefficients.



























Figure 4.3: Spectral type against PC2. Symbols used are the same as in Fig. 4.2.
Support vector machine classification
To calculate the optimal boundary between different groups of stars in the 15-dimensional space
of the PCs, a statistically robust method is necessary. We have used Support Vector Machines
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Figure 4.4: Spectral type against PC3. The symbols used are the same as in Fig. 4.2.








































































Figure 4.5: Left (4.5a): PC1 versus PC2 diagram. The colour indicates the SpT. The symbols
used are the same as in Fig. 4.2. The cross indicates the median uncertainties, which have been
calculated by propagating the uncertainties through the lineal combination of the input data
(EWs and bandheads) with the coefficients calculated. Right (4.5b): the same as left figure,
but here the colour indicates the luminosity class.
(SVM), repeating this method through a bootstrapping process 10 000 times, each time giving
as input a randomly selected sample with a size N depending on the correspondingly input
sample. The SVM analysis was performed through the python package sklearn (Pedregosa et al.
2011). This method requires a sample of stars labelled as belonging to each different group, to
train the SVM. As we decided to use a linear version of the SVM, its output result is a vector
of coefficients which define the optimized multidimensional boundary between the data of each
different group. The boundary is a hyper-plane, defined by a linear combination of the input
dimensions (the 15 PCs) plus a zeroth order (constant) term.
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Figure 4.6: Left (4.6a): PC1 versus PC3 diagram. The colour indicates the SpT. The symbols
used are the same as in Fig. 4.2. The cross indicates the median uncertainties calculated as
explained in Fig. 4.5. Right (4.6b): the same as left figure, but here the colour indicates the
luminosity class.
As we have shown, the mid and late M type stars have a different behaviour from the rest
of the sample, and so they are the main source of misidentification: SGs classified as non-SGs,
and non-SGs classified as SGs. In order to minimize these errors, we have to split our sample
in two sets, according to whether the stars are earlier or later than a given M subtype, and
then, separate the SGs from the non-SGs within each of these sets. This system requires us to
determine which is the optimal M subtype boundary that minimizes the wrong identifications.
To answer this question, we calculated first the division between early and late stars using
as a putative boundary different subtypes (K5, M0, M1, M2, and M3). Then, for each of these
subsets, we separated the SGs from the non-SGs. We could not use as boundary subtypes later
than M3, because the late subsample then becomes too small to perform any meaningful analysis.
The input data were the 15 PCs of our stars, plus their labels of early/late and SG/non-SG,
necessary to train the SVM. These labels come from the known SpT and LC of each star. The
calculated coefficients that separate the indicated groups are given in Tables B.10, B.12, and
B.14.
4.2.3 Fitting spectral types
The SVM is an efficient method to separate stars from two groups, when most of the stars in
each group present significant differences in their spectral features with respect to those in the
other group. This is the case of te SG vs. non-SG, or early vs. late classifications explained
before. However, this method proved to be very inefficient at separating the stars of a given
spectral subtype from those from the adjacent ones. The spectral differences between these
groups are too subtle for this method, because the dispersion in values of most spectral features
within a given subtype is significantly high (see figures in Section 4.3.3).
In view of this, we decided to complement the PC analysis with studies of the behaviour of
individual spectral features. To be effective, we selected only those features that show the clearest
trends with SpT, and performed linear fits to their variation with SpT. We also performed linear
fits to the behaviour of individual PCs with SpT. For the purpose of obtaining linear regressions,
we assigned numerical values to the spectral subtypes: G0 is 0, and then one by one until G8,
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which is 8, then K0 is 9, K5 is 14, M0 is 15 and so on until M10 which is 25. The linear
regressions were performed using the Theil-Sen estimator (which is based on a median of the
slope distribution obtained through random pairings of the sample) to avoid the effect of the
outliers.
As with the PCs, most spectral features change their behaviour as we move to later SpTs,
because of the rise and saturation of the TiO bands. Therefore, we divided the sample in two
different subsamples, one composed by those stars considered early, and the other by those
considered late, because we expect different behaviours for each one of them. The subsamples
were obtained by using the hyper-plane calculated with the SVM, taking as boundary the M1
subtype (because the main TiO bands in the CaT spectral range become measurable at this
subtype). Afterwards, we followed a different procedure for each group.
Early subsample
For the early subsample, we identify two indicators that correlate well with spectral type. Firstly,
as we explain in Section 3.2.1, the index EW(Ti i) (i.e. the lines at 8518.1, 8683.0,8692.0,8730.5,
and 8734.5 A˚) has a clear linear relation with the SpT (see Fig. 3.5 and Table 3.2), most likely
because it is very sensitive to temperature. In addition, we also perform a regression against
PC2, because it shows a clear trend with SpT for early SGs. In both cases we have considered
only the SGs, as selected by the PCA-SVM method. Stars of lower LCs follow different trends,
and they are beyond the topic of this work.
As the EW(Ti i) index depends on the metallicity of the host galaxy, we have calculated two
different fits, one for SGs from the SMC, and the other for those of the LMC and the Galaxy.
We have considered these together because the number of SGs earlier than M1 in these galaxies
is low, and the effects on the observed spectra of the difference in metallicity between these two
galaxies are small (see Fig. 2.10).
The coefficients of the lines calculated are given in Table 4.4, and the fit lines are shown in
Figures 4.7 (a and b), and 4.8a.












































































Figure 4.7: Left (4.7a): Linear regression between the EW(Ti i) index and the spectral subtype
for stars from the SMC. The cross represents the median uncertainties for used stars. Right
(4.7b): Same plot, but for stars from the LMC and the Galaxy (squares, triangles and diamonds,
depending on their origin, as in Figure 4.2).
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Figure 4.8: Left (4.8a): Linear regression between PC2 and the spectral subtype for stars from
the early subsample. The symbols used are the same as in Fig. 4.2. The cross indicates the
median uncertainties for these stars. Right (4.8b): Same plot, but for the late subsample.
Late subsample
The late subsample, composed by those stars with a SpT M1 or later, is split again to remove the
latest M stars, because their behaviour is different due to the saturation of the TiO bandheads.
As their number is low, we were not able to use the SVM method. In its place, we have separated
them by simple cuts in the (PC1, PC2) diagram (see Fig. 4.5a). Stars from the late subsample
that have PC1> 8 and PC2 < −3 have been removed. As they are very few (only 16, with no
SGs), no reliable analysis is possible for these very late-M stars. This leaves us with a sample of
stars with spectral types between M1 and approximately M7, very few of which belong to the
SMC.
Again, we find two indicators that can be used for the linear regression. We have considered
PC2 (see Fig. 4.3), and also the TiO bandhead at 8859 A˚, because this is the strongest band
in our spectral range and has a very clear dependence with SpT (e.g. Ramsey 1981, and see
Fig. 4.14). Both SGs and non-SGs show the same behaviour, and we have used all the stars for
these calculations.
In both cases (PC2 and TiO bandhead), the data distribution suggests that the regression
should have a higher order than a simple linear fit. Therefore, we have tested higher order (order
2 and 3) polynomial fits for both variables in addition to Theil-Sen lines. These fits naturally
reproduce the data better, yet the method from Asensio Ramos (2006) to avoid overfitting shows
that, given the uncertainties, these higher-order polynomials are no better fit than a first order
polynomial. Therefore in Table 4.4 we show the coefficients for the linear fits only. The fit lines
are displayed in Figures 4.8b and 4.9.
4.3 Efficiency of the studied methods
In Section 4.2, we have developed a method to separate SGs from non-SGs using the PCA
and SVM algorithms, and calculated linear fits that can automatically indicate the SpT of cool
supergiants. In this section, we discuss the efficiency of the methods proposed and compare
them with traditional spectroscopic criteria.
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Figure 4.9: Linear regression between PC2 and the spectral subtype for the stars from the late
subsample. Symbols are the same as in Figure 4.8
4.3.1 Efficiency finding supergiants
We have developed a method to separate SGs from non-SGs using PCA and SVM algorithms,
and calculated five sets of results. Each of these sets corresponds to the five different putative
boundaries (at K5, M0, M1, M2 and M3; see Section 4.2.2) selected to split the stars into the
early and late subsamples. The results of this process are shown in Table 4.2. We define the
efficiency as the fraction of known SGs in the sample or subsample that are tagged as SGs by a
given criterion. The contamination is the fraction of stars identified as SGs that in fact are not.
As efficiency and contamination are fractions, their 2-sigma uncertainties are equal to 1/
√
n,
where n is the total number of SGs in the correspondingly sample.
The efficiency for the early subsample is extremely high: 0.99 for all the five boundaries, with
uncertainties between ±0.04 and ±0.06 depending on the boundary. The efficiency is also high
for the late subsample, with values between 0.89 and 0.97. The uncertainties of these fractions
depend (inversely) only on the number of objects forming the group considered. Because the
number of objects with late subtypes is lower, the uncertainties for the late subgroup are higher.
As a result, the difference between the efficiencies for the early and the late subsamples are not
statistically significant. Actually, the efficiency for the whole sample is always ∼ 0.98± 0.04 for
any of the five putative boundaries studied.
We have also evaluated the contamination in the five sets. For the whole sample the con-
tamination is very low (0.02± 0.04). As in the case of the efficiency, the differences between the
contaminations for both subsamples in all boundaries used are not statistically significant.
These results show that the methods proposed are very effective, especially if we consider that
they were obtained for a sample with a wide range of SpTs coming from three different galaxies.
For completeness, we also checked if there are significant variations in the contamination and
the efficiency for a mono-galactic sample. As we are planning to apply this method to a large
Galactic sample, we measured the efficiency and contamination of our method using a sample
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composed only by stars from the Milky Way (i.e. our MK standards and stars from the Perseus
arm). The results are shown in Table 4.3. Unfortunately, as this sample is smaller than the
full sample, the uncertainties of the fractions are higher than those obtained for that sample.
Thus, even though we find lower values for the efficiency (0.90 ± 0.13) in this case than for
the full sample, the difference cannot be considered significant. The contamination obtained
(0.03± 0.13) is also compatible within the uncertainties to that obtained for the full sample.
Table 4.2: Supergiant identification efficiency and contamination, and their errors, for our whole
sample, depending on the putative boundary used.
Boundary Subsample Efficiency Contamination
Early 0.99± 0.06 0.00± 0.06
K5 Late 0.97± 0.06 0.04± 0.06
All 0.98± 0.04 0.02± 0.04
Early 0.99± 0.05 0.00± 0.05
M0 Late 0.97± 0.07 0.05± 0.07
All 0.98± 0.04 0.02± 0.04
Early 0.99± 0.05 0.00± 0.05
M1 Late 0.95± 0.08 0.05± 0.08
All 0.98± 0.04 0.02± 0.04
Early 0.99± 0.05 0.01± 0.05
M2 Late 0.96± 0.09 0.05± 0.09
All 0.98± 0.04 0.02± 0.04
Early 0.99± 0.04 0.01± 0.04
M3 Late 0.89± 0.11 0.07± 0.12
All 0.98± 0.04 0.02± 0.04
4.3.2 Spectral subtype estimation
For each of the regressions discussed in Section 4.2.3, we have calculated the distribution of
the errors (i.e. the difference between the real value of the SpT and the value predicted by
the regression). As the data have some outliers, the standard deviation was done through the
median absolute deviation, a robust estimator. The results for each regression are shown in
Table 4.4.
We divided the sample in two subsamples, early and late, before carrying out the fits. These
divisions were made by applying the SVM coefficients obtained in the previous section, and have
a small degree of contamination (see Figures 4.7, 4.8 and 4.9). Therefore, we show each linear
regression covering all the subtypes in the subsample used even if they are beyond the limit of
the split. When this method is applied to a problem sample, the same may happen: a few stars
will be in the wrong subsample, and the behaviour of such stars affects the linear regressions
calculated. Thus, despite the ”split”, each regression may give the classification of some points
above or below the limit of the split.
In addition, there are a few very luminous stars that are outliers in the PC2 diagrams.
The linear regression gives to these stars SpTs earlier than G0 (see Fig. 4.8), while they are
really G or K hypergiants (or very luminous supergiants). We recommend to use the EW(Ti i)
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Table 4.3: Supergiant identification efficiency and contamination, and their errors, for the galac-
tic sample, depending on the putative boundary used.
Boundary Subsample Efficiency Contamination
Early 1.00± 0.30 0.00± 0.30
K5 Late 0.92± 0.14 0.04± 0.14
All 0.94± 0.13 0.03± 0.13
Early 1.00± 0.27 0.00± 0.27
M0 Late 0.92± 0.14 0.04± 0.15
All 0.94± 0.13 0.03± 0.13
Early 0.95± 0.22 0.05± 0.22
M1 Late 0.91± 0.15 0.03± 0.16
All 0.92± 0.13 0.03± 0.13
Early 0.96± 0.20 0.00± 0.20
M2 Late 0.89± 0.16 0.03± 0.17
All 0.92± 0.13 0.02± 0.13
Early 0.97± 0.16 0.03± 0.16
M3 Late 0.78± 0.21 0.05± 0.23
All 0.90± 0.13 0.03± 0.13
Table 4.4: Results from the linear regressions done between different variables and spectral
subtypes. For details about these calculations see section 4.2.3.
Variable used subsample Slope y-intercept σ(yreal − yexpec)
(subtypes) (subtypes)
PC2a Early -3.5 13.4 1.7
EW(Ti i) indexb Early - only SMC 9.3 2.4 1.4
EW(Ti i) indexb Early - Galaxy and LMC 5.8 5.8 1.2
PC2a Late -0.55 16.7 0.7
TiOa 8859 A˚ Late 9.4 15.9 0.7
Notes. (a) Dimensionless (b) Expressed in A˚
index instead of the PC2 for them. To identify these stars the CaT can be used, because these
extremely high-luminosity stars have very high values of the CaT (see Section 4.3.3).
The SpTs of the late subsample are strongly correlated with both variables considered, the
classical indicator (the strength of the TiO bandhead at 8859 A˚) and the PC2. The results prove
that, for a quick spectral identification, PC2 is as good as the TiO bandhead. The standard
deviations of these regressions are 0.7 subtypes, and so this classification is only slightly worse
than the classical classification process by visual inspection of the whole spectrum (0.5 subtypes).
The Ti index cannot be used effectively with the late subsample, because at the typical SpTs
the Ti lines are heavily affected by molecular bands.
For the early sample, the fit of the SpT to the PC2 has a standard deviation of 1.7 subtypes,
significantly larger than for the late subsample. The EW(Ti i) index provides similar results,
but it is affected by metallicity, and thus the calculated fits can only be used for populations
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with similar metallicities to the SMC or the Galaxy/LMC. Thus we obtained two different linear
regressions, one for stars from the SMC, and another one for those from the LMC. The results
are better than for the PC2 linear regression, but the standard deviation is still significantly
higher than for the late subsample. Thus, these regressions are merely a quick estimator. A
detailed classification of the stars from the early subsample can only be performed using the
classical criteria, as they are not affected by the appearance of TiO bands.
4.3.3 Classical criteria revisited
The two main features used to identify SGs are the blend of Ti i, Fe i and CN molecular bands
at 8468A˚ and the infared CaT (formed by the lines at 8498, 8542, and 8662 A˚). Ginestet et al.
(1994) show their typical EW values, but their SG sample is small and only with SpTs earlier
than K3. Negueruela et al. (2011) also show both values for a small number of standards with
SpTs from K0 to M5. However, the number of SGs in their sample is limited. Therefore we
have decided to take advantage of our very large sample, and we show here the behaviour of
both spectral features, in Figures 4.10 and 4.12.
We also study one of the most useful ratios in this region, Fe i 8514A˚ to Ti i 8518A˚, which was
proposed as a luminosity indicator by Keenan (1945), and the behaviour of the TiO bandhead
at 8859 A˚ because this is the main TiO band in the region and has been widely used to obtain
the SpT in the M sequence (e.g. Ramsey 1981; Negueruela et al. 2011).
Calcium Triplet
It is known since long ago that the CaT depends strongly on luminosity (e.g. Diaz et al. 1989, and
references therein), and it has been used extensively for luminosity classification (e.g. Ginestet
et al. 1994; Carquillat et al. 1997; Negueruela et al. 2011). However, the EW of this feature
depends also on SpT, as was shown by Ginestet et al. (1994). We find the same behaviour as
these latter authors (see Fig. 4.10), with the EW of the CaT growing from early-G subtypes,
but our values are systematically lower than theirs. This is due to two reasons. Firstly, the
continuum is determined differently. The method used by Ginestet et al. (1994) results in
values of EW higher than in any other work. Secondly, for the spectral range that we have in
common with Ginestet et al. (1994), almost all our stars come from the MCs, while all their
objects come from the Milky Way. Because of the lower metallicity in the Clouds, our values are
systematically lower. The combination of both effects results in values around ∼ 2 – 3 A˚ lower
than those obtained by Ginestet et al. (1994) for the same SpTs.
As seen in Fig. 4.10, the EW of the CaT stops increasing around spectral type M0 due to
line saturation at low temperatures. After this, it starts to decrease with SpT, because of the
appearance of TiO bands, which quickly affect the continuum, erasing the wings of the CaT. In
consequence, it becomes useless as a luminosity criterion for subtypes later than M3.
In some works (Ginestet et al. 1994; Carquillat et al. 1997) the sum of the EWs of the three
Ca ii lines were used, while in others (Diaz et al. 1989; Negueruela et al. 2011) only the two
strongest lines (Ca ii 8542 A˚ and Ca ii 8662 A˚) were considered. In both cases, in order to used
the CaT as LC discriminator, metallicity and the SpT range must be carefully considered, as
the CaT changes noticeably with these two variables. Note that metallicity not only affects
the strength of these lines, but also determines the typical SpT range of cool SGs. If we
investigate the strength of the CaT (the sum of the three lines) for stars presenting a wide range
of metallicities and SpTs, the separation between SGs and non-SGs seems to be around ∼ 9 A˚
(Fig. 4.10). All the SGs where the TiO bands in this spectral range are weak or absent (i.e.
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earlier than M3) and most of the SGs of slightly later type (M4 or M5) present CaT values
higher than ∼ 9 A˚. With this boundary, the efficiency is 0.95 ± 0.04, and the contamination
is 0.07 ± 0.04 (there are some bright and/or high-metallicity giants having CaT values as high
as 11 A˚). While efficiency is statistically similar to the one obtained with the PCA method
(see Section 4.3.1), the contamination is slightly, but still significantly, higher. However, the
simplicity of this criterion makes it a good tool for a quick and preliminary classification.
Negueruela et al. (2011) proposed a boundary value of EW= 9 A˚for the sum of the two
strongest lines of the CaT for stars from our Galaxy (at the typical metallicities and SpTs). We
compare this boundary with our sample in Fig. 4.11. This criterion keeps the contamination at
similar value as the PCA/SVM method (0.02 ± 0.05), but with a much worse efficiency, only
0.79± 0.04.
Finally, we have checked those stars whose CaT values are much higher than typical for
their SpTs. These extreme values are not caused by the measurement method, but are genuine
physical features. Most of stars with very high values are classified as Ia, but there is also one
star (RW Cep) that is a known hypergiant (0 – Ia). Thus, their extraordinarily high CaT values
are likely due to their extreme luminosities alone. Moreover, most of these stars have G or
early-K subtypes, significantly earlier than those usual for their galaxy. Therefore, this group
seems to be composed by yellow hypergiants, whose properties are expected to be different from
those of the typical RSGs. We will explore the behaviour of these stars in future works.































Figure 4.10: Spectral type versus total equivalent width of the Calcium Triplet (8498 A˚, 8542 A˚,
and 8662 A˚). The shapes are the same as in Fig. 4.2. The error bars indicate the median
uncertainty for the sum of EWs, and the uncertainty for SpT estimated in Section 2.1.5
. The black line marks EW = 9 A˚, as this value separates optimally the SGs from the
non-SGs.
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Figure 4.11: Spectral type as a function of the equivalent width of the two strongest lines of the
Calcium Triplet (8542 A˚ and 8662 A˚). The shapes are the same as in Fig. 4.2. The error bars
indicate the median uncertainty for the sum of EWs, and the uncertainty for SpT estimated in
Section 2.1.5. The black line marks EW = 9 A˚, the value proposed by Negueruela et al. (2011)
as boundary between RSGs and non-SGs at approximately solar metallicity (see text).
Blend at 8468 A˚
This feature is a blend of many lines (mainly Ti i and Fe i) and multiple molecular bandheads
of CN (Ginestet et al. 1994; Carquillat et al. 1997). It has been used as a luminosity indicator
by Ginestet et al. (1994) and Negueruela et al. (2011), but with very limited samples.
In Ginestet et al. (1994) the blend shows a strong dependence with SpT from G0 to early-K,
both for giant and SG stars, that becomes less pronounced for K stars. The blend in Negueruela
et al. (2011) shows the same trend for K subtypes, and then becomes flat for early-M subtypes,
surely because of the effect of TiO bands. The behaviour we show here (Fig. 4.12) is consistent
with these two studies. However, our values are systematically lower than those from Ginestet
et al. (1994), as was the case for the CaT, and for the same reasons.
In Negueruela et al. (2011) the value of EW = 1.2 A˚ was used as boundary between giants
and SGs for Milky Way stars. As we show, this value seems appropriate only for subtypes
between mid-K and early M. However, this criterion should be carefully reconsidered for stars
from low-metallicity galaxies, such as the SMC, not only because the feature should be weaker at
lower metallicity, but also because their typical SpTs are earlier than in the Milky Way (mostly
from mid-G to mid-K), and so will tend to have even weaker blends.
Simply using the EW value as discriminator has a global efficiency of 0.46 ± 0.04 and a
contamination of 0.13± 0.06. If we only consider those stars that are K4 or later, the contami-
nation does not change (0.13±0.06), but the efficiency is improved, increasing up to 0.76±0.06.
However, it is still clearly worse than utilising the CaT or our PCA method (see Section 4.3.1
and Section 4.3.3).
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Figure 4.12: Spectral type to the equivalent width of 8468 A˚ blend. The shapes are the same as
in Fig. 4.2. The error bars indicate the median uncertainty for the EW, and the uncertainty for
SpT estimated in Section 2.1.5. The black line marks EW = 1.2 A˚, because this value has been
classically used as boundary between SGs and non-SGs (see text).
Ti i 8518 A˚ and Fe i 8514 A˚
The ratio between Fe i 8514 A˚ and Ti i 8518 A˚ (Ti/Fe onwards) was proposed as a criterion for
LC by Keenan (1945), and has been used with good results by Negueruela et al. (2012) for K and
early-M stars. However, it has not been properly characterized with a statistically significant
sample. Threshold values of the ratio have not been given before, either.
Fig. 4.13 shows the relation between both lines, and how their values separate very effectively
different LCs, though with a strong dependence on SpT. In fact, it seems to be a good criterion
only from mid-G down to early-M type stars. For earlier G types these lines become too weak,
and for later stars these lines appear on the red side of a TiO bandhead (at 8513 A˚), and become
useless as luminosity indicators around M2. Because of these reasons, we measure negative values
for the EWs of these lines in some stars beyond these limits.
We have used the SVM method explained above (with 10 000 random subsamples of 500 stars
each) to calculate the optimized line (and its uncertainties) that separates the SGs from the
non-SGs based solely on these two lines. The coefficients obtained for this line (EW (8514.1) =
m · EW (8518.1) + n) are m = 0.37± 0.05 and n = 0.388± 0.011.
This fit line provides a clear boundary between both groups among G and K stars, but for
the mid- and late-M stars the EWs of both atomic lines are affected by TiO bands that mix the
populations. The efficiency is 0.93±0.04 and the contamination is 0.07±0.04, both slightly, but
significantly, worse than those obtained through the PCA method (see Section 4.3.1). However,
the use of this line ratio has a disadvantage that we need to keep in mind: it depends only on
two lines, none specially strong. So, if any these two is slightly anomalous, it will surely result
in a wrong classification. Instead, the PCA method, as it depends on a large number of spectral
features, including the CaT, whose lines are very strong, is more robust.
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Figure 4.13: Left (4.13a): EWs of the lines Fe i 8514A˚ and Ti i 8518A˚. The colour indicates the
SpT. The shapes are the same as in Fig. 4.2. The cross indicates the median uncertainties. The
black line is the calculated separation between SGs and non-SGs (see text). Right (4.13b):
the same as in left figure, but the colour indicates the luminosity class.
TiO bandhead at 8859 A˚
The spectral sequence for K and M subtypes in SGs is defined by the appearance and depth
of TiO bandheads in the optical range (see Section 2.1.5 and references therein), which are
correlated with TiO bands in the CaT spectral range. The triple TiO bandhead at 8432 +
8442 + 8452 A˚ together with the TiO bandhead at 8859 A˚ are the strongest bandheads near the
CaT, and hence the main SpT markers in this spectral region.
The relation between TiO 8859 A˚ and temperature has been studied for non-SGs (e.g. Ram-
sey 1981, for giants) and small samples of SGs (Negueruela et al. 2011). However, the relation
between temperature and TiO bands (i.e. SpT) for SGs is an open discussion since Davies et al.
(2013) showed the discrepancy between the temperatures obtained from the fit to TiO bands
and those obtained from the fit to the SED. In consequence, it has been proposed that SpT
(which is determined by TiO bands) is not directly related to temperature (Davies et al. 2013,
2015; Patrick et al. 2015), but to the evolutionary state of the star. In view of this, we will
not relate the behaviour of the TiO bandhead to any particular temperature scale, but only to
SpT. In Fig. 4.14, we can see that stars earlier than K5 present values close to zero. The TiO
band first appears at ∼M1, and its strength increases with SpT until ∼M7, where it reaches
a maximum. For later types, the band is saturated and the apparent depth of the bandhead
starts to decrease, as the continuum is eroded by the TiO bands at shorter wavelengths. This
behaviour does not seem to depend on LC, at least not between I and III, even though the
number of confirmed RSGs with SpTs later than M6 is very small.
The 8869 A˚ TiO band provides information about the SpT of the stars, but it cannot be
used alone to assign a SpT. As we have shown, for stars with the latest subtypes, the TiO band
decreases with SpT. Because of this, they may be confused with mid-M stars if the only SpT
criterion is the strength of the TiO band. Even more, such stars are scarce in our sample, but
they are quite common in the Galactic Plane (where many AGB stars have spectral types in the
M7 – M10 range). The latest spectral types may even be liable to confusing even with early-M
stars, if only this criterion is used. In addition, all the G and K stars could be confused with
the early-M types, especially for noisy spectra.
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These problems may be solved easily by attending to the atomic lines. For example, stars
later than M8 hardly have any atomic line in the whole CaT spectral region, and they present a
strong VO 8624 A˚ bandhead. However, these criteria must be considered carefully, case by case,
because the strength of the lines depends on their luminosity, and the VO bandhead may be
contaminated by the nearby DIB at ∼ 8621 A˚. In consequence, for a quick and reliable analysis
of a large number of stars we suggest using the PCA detailed in Section 4.2.3.















































Figure 4.14: Spectral type to the bandhead depth of TiO 8859 A˚. The colour indicates the
luminosity class. The shape indicates their origin, circles are from the SMC survey, squares are
from the LMC survey, diamonds are standards, inverted triangles are from Perseus arm survey.
This bandhead rises at M1, growing with increasing SpT. However, at ∼M7 the bandhead is
saturated, and starts to decrease with increasing SpT because the erosion caused by the TiO
bandhead at 8432 A˚.The error bars indicate the median uncertainty for the bandhead depth,
and the uncertainty for SpT estimated in Section 2.1.5.
4.3.4 Detecting extreme red supergiants affected by veiling
The veiling effect was first reported by Merrill (1940) in late stars, but Humphreys (1974)
studied it carefully in SGs. The cause of the veiling is still unclear, but it has been suggested
that it might be caused by free-bound emission (Humphreys 1974) or by scattering through
an expanding circumstellar dust shell (Massey et al. 2009). The veiling weakens all absorption
atomic lines significantly, but Humphreys (1974) showed that this weakening is wavelength
dependent for RSGs, with the maximum weakening around the CaT region. The EW of the
CaT lines decreases below the typical EW values of red giants, reaching values similar to those
of dwarf stars. However, the strength of the TiO bands does not seem to be affected.
Among SGs, it has only been reported for some extreme RSGs (ERSGs). These stars, of
which only a handful are known, are characterized by their extremely high luminosities (close
to the Eddington Limit, log(L/L) ∼ 5.8), very high mass loss, late SpTs and extreme SpT
variations (see Humphreys 1974; Schuster et al. 2006; and see discussion on variability in 3.2.2).
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Finally, we have to note that the veiling effect is not constant. It increases and disappears along
the spectral variation period of these stars (Humphreys 1974).
Because of the peculiarity and scarcity of RSGs affected by veiling, we propose here a few
diagrams to identify them (see Fig. 4.15 and Fig. 4.28). To locate the position of veiled RSGs,
we have added to these diagrams our measurements of a spectrum of the ERSG S Per, which was
observed with the INT, in the same conditions as the stars from the galactic sample. This star
was not included in the PCA calculations precisely because of its well-known spectral variability.
In Fig. 4.15a, S Per (magenta star symbol) presents a sum of the CaT EWs of around 5 A˚,
clearly lower than the giants. However, the strength of the TiO band is small, too small to
weaken the CaT significantly in a supergiant. In fact, any giant with a similar TiO bandhead,
has a higher CaT value. Therefore it is isolated from any other star, except another RSG (with
TiO bandhead of ∼0.32 and CaT of ∼5 A˚). This star is UY Sct, which was classified as M2 –
M4 Ia by Solf (1978). Even though its spectrum has not been reported as veiled before, UY Sct
has been identified as the largest star known to date (Arroyo-Torres et al. 2013). Therefore, it
seems only natural to count it as an ERSG.
These two ERSGs appear isolated in Fig. 4.15a. This is due to the nature of our sample,
because we should expect mid- and late-M dwarfs (that we have not measured) to lie close to our
ERSGs. As a consequence of veiling, our ERSGs are not identified as SGs by the PCA criteria
developed above. The PC2 versus PC4 diagram (Fig. 4.15b) seems to be a good way to reveal
the nature of these stars, as they lay among other RSGs. We have to caution, however, that
we do not know where late-M dwarfs should fall in this diagram, even though the behaviour of
other dwarfs suggests that they would occupy a different position.
In summary, stars lying close to the position of our two ERSGs in the diagrams shown
in Fig. 4.15 can be considered as candidates to veiled ERSGs. To confirm their nature, they
should be observed throughout their spectral variation periods, because the veiling is expected
to change along them. Thus, these stars would vary their position in the diagrams, and at some
point they would be observed as normal (not veiled) RSGs.
4.4 Individual probabilities
All the methods to identify SGs discussed in this work, the procedure that we have proposed
based on the PCA, and the classical criteria that we have revisited in Section 4.3.3, use bound-
aries between the SGs and non-SGs as separators (our method uses many boundaries in a
multidimensional space, but it is qualitatively the same in concept). Thus, they provide a bi-
nary classification for the targets (each of them is classified as SG or non-SG), but without any
direct estimation of the reliability of their classifications. The efficiencies and contaminations
that we have calculated are based on the statistics of the whole sample, and give a good idea
of the reliability of each method when it is applied to a large number of candidates. However,
it is not a good measurement of the reliability of the individual classification of each target:
the result is the same for a star that lies close to the boundary and for one that is far from
it. In consequence, we used the Montecarlo process to calculate for each target its individual
probability of being a SG (P (SG)).
4.4.1 Calculation
For each target, we took the set of variables that is used for a given identification method and,
through a Montecarlo process, we calculated 1000 new sets. For each of them, we evaluated,
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Figure 4.15: Left (4.15a): Depth of the TiO bandhead at 8859 A˚ with respect to the sum of
the EWs of the CaT lines. The shapes are the same as in Fig. 4.2. The black cross indicates
the median uncertainties. The magenta star is the ERSG S Per, and the red star is UY Sct,
both with their own error bars. Right (4.15b): PC2 versus PC4 diagram. The symbols are
the same as in the left figure. The black cross indicates the median uncertainties, which have
been calculated by propagating the uncertainties through the lineal combination of the input
data (EWs and bandheads) with the coefficients calculated. The magenta and red stars are the
same than in the left panel.
following the corresponding method, if the target is classified as a SG or not. Thus, the P (SG)
of a target is the fraction of positive identifications obtained for its sets.
To calculate the probabilities in the PCA method (P (SG)PCA), we used the set of the 15
PCs, and their uncertainties (which were derived from the uncertainties of the EWs and PC
coefficients, propagating them through the lineal combination). For each target, 1000 sets of 15
new PCs were calculated through Montecarlo. Then, we followed the proposed PCA method
(using a putative boundary at M0), obtaining the P (SG). The results obtained are shown in
Fig. 4.16.
We also calculated the P (SG) for the criteria based on the EW of the CaT (P (SG)CaT), and
the Ti/Fe (P (SG)Ti/Fe). In the first case the variables recalculated through Montecarlo were
the EWs of the three Ca ii lines. In the second case, they were the EWs of the Fe i 8514 A˚
and Ti i 8518 A˚lines. The results are shown in Figs. 4.17 and 4.18. In the case of the CaT
criteria, we choose to represent EW(CaT) against the depth of the TiO bandhead at 8859 A˚
because of two reasons. Firstly, in a problem sample the SpTs are not known a priori, and
so the diagram shown in Fig. 4.10 is not useful to make a comparison. Secondly, the problem
samples considered in this work (see Chapter 5) are expected to be dominated by M subtypes,
not only because these are the typical SpTs among the SGs in our Galaxy, but also because the
main interlopers in the galactic disk for a photometric selection like ours are red giants with
M subtypes. In consequence, the strength of the TiO 8859 A˚ bandhead is the best choice to
visualise the spectral sequence along M subtypes. Note that this choice has no effect over the
CaT criteria; it is only for diagram representation purposes.
The classification criteria using the blend at 8468 A˚ and only the two strongest lines of the
CaT have been not analysed because of their low efficiency or high contamination.
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Figure 4.16: PC1 versus PC3 diagram. The colour indicates the probability of being a SG.
The symbols used are the same as in Fig. 4.2. The cross indicates the median uncertainties,
which have been calculated by propagating the uncertainties through the lineal combination of
the input data (EWs and bandheads) with the coefficients calculated. The real LCs for this
diagram can be seen in Fig. 4.6b.
4.4.2 Identification based on individual probabilities
With the classical criteria studied, based on the CaT and on the Ti/Fe, a large fraction of the
SGs (> 0.85 and > 0.70) in the sample have P (SG) = 1 and most non-SG have P (SG) = 0, while
SGs and non-SGs close to the boundary used by these methods present intermediate values of
P (SG). On the other hand, in the PCA method there are not many targets with their P (SG)
equal to 1 or to 0. This is because the PCA uses many boundaries in the multidimensional
space of the PCs, not a only boundary in a 2-dimensional diagram, as is the case of the classic
criteria. Thus it is more difficult to stay far away from every boundary, and the probabilities
tend to have intermediate values.
To illustrate it, but also to study its application to the identification of SGs, we calculated
how many targets have their individual probability Pi equal or higher than a given P (SG)
value. We did this calculation for six subsamples: SGs from the SMC, from the LMC, from
the MW, all SGs, all non-SGs and the whole sample, representing the results of each one as
fractions (F (Pi ≥ P (SG))) with respect to their corresponding total number (see Figs. 4.19, 4.20,
and 4.21). As the SGs from each galaxy in our sample have different metallicities and typical
SpTs, we have drawn the data for the SGs from each galaxy, and also for all the SG stogether.
The SGs from both MCs present very similar behaviours, but the SGs from the galaxy present
slightly lower probabilities.
The CaT and the Ti/Fe criteria result in a large fraction of SGs with high values of P (SG),
but there are non-SGs with probabilities as high as P (SG) = 1. Thus, these methods provide
a quick way to identified most SGs, but at the price of having some non-SGs included in the
selection. Between these two methods, the CaT one is less strict than the other, finding more
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Figure 4.17: Spectral type versus total equivalent width of the Calcium Triplet (8498 A˚, 8542 A˚,
and 8662 A˚). The shapes are the same as in Fig. 4.2. The colour indicates the probability of
being a SG (see text). The cross indicates the median uncertainties. The real LCs for this
diagram can be seen in Fig. 4.15a.








































Figure 4.18: EWs of the lines Fe i 8514 A˚ and Ti i 8518 A˚. The colour indicates the probability
of being a SG (see text). The shapes are the same as in Fig. 4.2. The cross indicates the median
uncertainties. The real LCs for this diagram can be seen in Fig. 4.13b.































Figure 4.19: Fraction of the sample that has a probability of being a SG (calculated through
the PCA method) equal or higher than the corresponding x-axis value. The colours indicate the
subsample: black for whole sample, red for non-SGs, blue for all SGs, magenta for SMC SGs,
cyan for LMC SGs, and green for MW SGs. Each fraction is calculated with respect to the size































Figure 4.20: Fraction of the sample that has a probability of being a SG (calculated through
the CaT method) equal or higher than the corresponding x-axis value. The colours indicate the
subsample, as explained in Fig. 4.19. Each fraction is calculated with respect to the size of its
own subsample.
SGs, but also including more non-SGs with high P (SG) values.
On the other hand, the PCA method finds a very small fraction of the SGs with P (SG) > 0.9
(and this fraction is significantly higher for the SMC SGs than for the MW ones, as can be seen
in Fig. 4.19). However, the non-SGs present significantly lower values of P (SG), with none of
them having P (SG) > 0.75. For this value the fraction of SGs identified is about 0.90 ± 0.04































Figure 4.21: Fraction of the sample that has a probability of being a SG (calculated through
the Fe i 8514 A˚ and Ti i 8518 A˚ lines) equal or higher than the corresponding x-axis value. The
colours indicate the subsample, as explained in Fig. 4.19. Each fraction is calculated with respect
to the size of its own subsample.
(∼ 0.80 ± 0.13 for the SGs from the MW). Therefore, using this value as a threshold, the vast
majority of SGs can be identified without any contamination. Moreover, it is also possible to
identify a group of potential SG with a relatively low contamination, taking the targets with their
P (SG) within the interval between P (SG) = 0.75 and a lower limit at convenience (depending
on the level of contamination that may be considered acceptable).
For a problem sample, it would be possible to estimate the lower limit of P (SG) for the
optimal selection of potential SGs. In such a sample, the only information available will be the
shape of the P (SG) fraction curve (the black line in our figures). However, this curve always
has an inflexion point because, for its corresponding P (SG) value, most SGs have already been
selected, while most non-SGs have lower values of P (SG). Thus, from this point toward lower
probabilities, the addition of extra targets to the selection becomes dominated by non-SGs.
Therefore, this inflexion point can be used as a lower boundary for the group of potential SGs,
and can be easily estimated for any sample under study.
In our sample, the inflexion point is at P (SG) ∼ 0.60. Taking this value as a lower boundary,
the efficiency of the resultant selection is higher than 0.95 ± 0.04 (∼ 0.90 ± 0.13 for SGs from
the MW), while the contamination is only 0.03±0.04 (0.08±13 in the case of the MW sample).
Note that the contaminations were calculated for the total number of stars tagged as SGs, i.e.
all those having P (SG) ≥ 0.60). For similar efficiencies in the CaT and Ti-Fe ratio criteria, the
contaminations are slightly worse (∼ 0.08±0.04 in both cases). Thus, the PCA method provides
a higher quality method to identified SGs than the other two, and the possibility to identify a
large fraction of SGs without any contamination. These values become slightly worse in the case
of MW SGs, with contaminations of 0.17± 0.13 for the Ti-Fe ratio criterion and 0.20± 0.13 for
the CaT one.
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4.5 Application to the Gaia survey
4.5.1 The Gaia spectral range
The spectral range covered by the Gaia spectrograph, RVS, is narrower than the range used
in this work. Therefore, to apply our method to spectra from the RVS, we repeated the PCA
calculations using only the lines inside its spectral range, from 8470 A˚ to 8740 A˚.
We have built the Gaia input list by taking the shortened input list (see Section 4.2.1) and
removing all the lines lying outside the Gaia spectral range. In addition, the lines Ti i 8734.5 A˚
and Mg i 8736.0 A˚ were not used either, even if they are inside the Gaia range, because their
red continuum is beyond 8740 A˚ and so their EW cannot be measured in Gaia spectra. In total,
the Gaia input list contains 3 bandheads and 19 atomic lines.
4.5.2 PCA and SVM for the Gaia input list
We repeated the same PCA method described in sections 4.2.2 and 4.2.2, with the Gaia input
list. Although it contains less features than our original list, the PCs obtained are similar to
those presented before. The behaviour of the first three PCs is almost the same (see Figures 4.22
and 4.23), and they together contain more than 90% of the accumulated variance. As has been
explained before, the later PCs contain progressively less variance (see Fig. 4.24), and so, to
reach 98% of the accumulated variance of the Gaia PCA, the first 9 PCs are needed. We used
this 9 PCs were for the subsequent SVM method. For the same reason, the standard deviations
of the coefficients for PC8 and PC9 are significantly high.
We calculated the SVM boundaries following the same procedures presented in Sect 4.2.2.
The coefficients obtained are given in Tables B.11, B.13, and B.15.


































































Figure 4.22: Left (4.22a): PC1 versus PC2 diagram. Both were calculated from the Gaia input
list. The colour indicates the SpT. The symbols used are the same as in Fig. 4.2. The cross
indicates the median uncertainties, which have been calculated by propagating the uncertainties
through the lineal combination of the input data (EWs and bandheads) with the coefficients
calculated. Right (4.22b): the same as left figure, but here the colour indicates the luminosity
class.
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Figure 4.23: Left (4.23a): PC1 versus PC3 diagram. Both were calculated from the Gaia input
list. The colour indicates the SpT. The symbols used are the same as in Fig. 4.2. The cross
indicates the median uncertainties, which have been calculated by propagating the uncertainties
through the lineal combination of the input data (EWs and bandheads) with the coefficients
calculated. Right (4.23b): the same as in the left figure, but here the colour indicates the
luminosity class.
















































Figure 4.24: Summary of variance fractions of the principal components calculated from the
Gaia input list. The red circles are the individual variance (left vertical axis). The blue circles
are the accumulated variance (right vertical axis). As the PCA calculations were done for 10 000
random samples, each circle is the median of the 10 000 variances obtained for each PC. The
error bar in each point is its correspondent standard deviation. The circles without error bars
have errors smaller than the circle itself. Only the first 12 PCs are displayed here. The horizontal
discontinued line marks the 98% of the accumulated variance.
Linear regressions
As the Gaia input list has given slightly different PC2 coefficients, we have recalculated the
estimations of SpT through linear regression. In addition, one of the lines of the EW(Ti i)
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(Ti i 8734.5 A˚) is not included in the Gaia input list. Thus, we have calculated a new EW(Ti i)
index for the Gaia input list, excluding this line. Finally, the TiO bandhead at 8859 A˚ is outside
the Gaia range, while all the other TiO bands inside this range are too weak to provide a clear
relation for the whole M sequence. Therefore we have not used any TiO band to estimate the
SpT.
The procedure has been similar to that outlined in Section 4.2.3, with some small differences.
Firstly, the separation between SGs and non-SGs was done through the PCA method using
the data for the M0 boundary, because it has the best efficiency and contamination in the
identification of SGs in the case of the Gaia input list (see Section 4.5.2). Secondly, in Sect 4.2.3
we used the M1 type as boundary between early and late subsamples, because the main TiO
bandhead (at 8859 A˚) becomes noticeable at this subtype, changing the behaviour of the PC.
This band is not inside the Gaia spectral range. Thus the PC2 behaviour does not change before
M2, when the other lesser TiO bands start to be noticeable. In consequence we have used M2
as the boundary between early and late subsamples for these calculations.
The coefficients obtained for the linear regressions are in Table 4.5, while the fitted lines are
shown in Figures 4.25 and 4.26.






































Figure 4.25: Linear regression between the EW(Ti i) index (from the Gaia input list) and the
spectral subtype. Left (4.25): For the stars from the SMC. The display is the same as in the
Figure 4.7a. Right (4.25): For the stars from the LMC and the Milky Way. The display is the
same as in the Figure 4.7b.
Table 4.5: Results from the linear regressions done between different variables and spectral
subtypes, using the Gaia input list. For details about their calculation see section 4.5.2.
Variable used subsample Slope (subtypes) σ(yreal − yexpec)
(subtypes) (subtypes)
PC2a Early -4.9 14.0 1.2
EW(Ti i) indexb Early - only SMC 11 2.4 1.3
EW(Ti i) indexb Early - Galaxy and LMC 9.1 3.7 1.2
PC2a Late -0.65 16.9 0.7
Notes. (a) Dimensionless (b) Expressed in A˚
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Figure 4.26: Left (4.26a): Linear regression between PC2 (from the Gaia input list) and the
spectral subtype for the stars from the early subsample. The display is the same as in the
Figure 4.8. Right (4.26b): Linear regression between PC2 (from the Gaia input list) and the
spectral subtype for the stars from the late subsample. The colour and shapes are the same as
in the Figure 4.8
Efficiency
In Table. 4.6 we compare the efficiency (i.e. the fraction of known SGs in the sample or subsample
that are tagged as SGs by a given criterion) of the boundaries obtained for the Gaia input list
in each boundary subtype for the Gaia input list.
With this spectral range, the efficiency is 0.97±0.04 for all the five boundaries used, equiva-
lent to that obtained for the complete line list in Section 4.3.1. The efficiencies for the early and
late subsamples are statistically equivalent in all the cases, except for the boundaries M2 and
M3, where we find significantly lower values. This is probably due to two factors. Firstly, the
atomic lines less affected by the rise of TiO bands are those lying between 8700 and 8859 A˚, and
thus not included in this analysis, because they fall outside the Gaia spectral range. Secondly,
the main TiO bandhead of the CaT region (at 8859 A˚) is also outside this window. On the other
hand, the contamination is about 0.03± 0.04 for all the five boundaries, statistically equivalent
to the result obtained for the complete line list in Section 4.3.1.
4.5.3 Individual probabilities derived from Gaia PCA.
The calculations explained in Section 4.4 were repeated for the PCs calculated from the Gaia
line list. As can be seen in Fig. 4.27, the qualitatively distribution of the probabilities is the
same, although all fraction curves are slightly displaced toward lower values of P (SG).
The fraction of SGs with values P (SG) ≥ 0.75 is ∼ 0.65 ± 0.04 in this case, while it is
∼ 0.90 ± 0.04 for the PCA calculated from the original line list. Actually, the fraction of SGs
selected ∼ 0.90± 0.04 is reached at values as low as P (SG) ∼ 0.65. However, the non-SGs also
present typically lower values of P (SG), even though their highest values of P (SG) are ∼ 0.75.
Thus, for a selection of SGs fully free of contamination, the lower limit is the same as in the case
of the original list, but the fraction of non-SGs between this value and P (SG) ∼ 0.60 is lower
than in the case of the original line list. In consequence, the targets between P (SG) ∼ 0.75 and
the inflexion point (P (SG) ∼ 0.55) can be selected as potential SGs with a low contamination
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Table 4.6: Supergiant identification efficiency and contamination of the PCA method for the
Gaia line list, and their errors, for our whole sample, depending on the putative boundary used.
Boundary Subsample Efficiency Contamination
Early 0.98± 0.06 0.01± 0.06
K5 Late 0.95± 0.06 0.05± 0.06
All 0.97± 0.04 0.03± 0.04
Early 0.99± 0.05 0.01± 0.05
M0 Late 0.93± 0.07 0.06± 0.07
All 0.97± 0.04 0.03± 0.04
Early 0.99± 0.05 0.01± 0.05
M1 Late 0.91± 0.08 0.07± 0.08
All 0.97± 0.04 0.03± 0.04
Early 0.99± 0.05 0.02± 0.05
M2 Late 0.89± 0.09 0.08± 0.09
All 0.97± 0.04 0.03± 0.04
Early 0.99± 0.04 0.02± 0.04
M3 Late 0.77± 0.12 0.07± 0.13
All 0.97± 0.04 0.02± 0.04
(0.03± 0.04, 0.12± 12 for the MW sample). Note that contamination is calculated with respect
to the total number of SGs identified, i.e. all those with P (SG) ≥ 0.55. This selection range
presents an efficiency of ∼ 0.95± 0.04 (∼ 0.92± 0.13 in the case of MW SGs), which is as high
as the efficiency obtained for the PCA from the original list.
In conclusion, the main difference in the results obtained through the PCA from the Gaia
input list with respect to those from the original one, is that the fraction of SGs fully free of
non-SGs is lower. However, the total fraction of SGs that can be selected, including the potential
ones, remains approximately the same, with a similar fraction of non-SGs as contaminants.
Veiled RSGs and the Gaia range.
The Gaia spectra do not include the TiO bandhead at 8859 A˚. Therefore, we propose an alter-
native diagram to identify ERSGs (see Fig. 4.28), using PC2, because its behaviour is similar to
that of the TiO bandhead. In the present case, the veiled RSGs occupy the same region as the
early-M dwarfs in the sum of the CaT EWs versus PC2 diagram, but they may be identified as
SGs by comparing their positions in the PC2 versus PC4 diagram (Fig. 4.28b). Moreover, since
Gaia will provide multi-epoch spectra, they may be used to check the different positions of a
given star in these diagrams, as their veilings change along the spectral variation of these stars.
4.6 Conclusions of Chapter 4
In this work we have developed criteria based on PCA and SVM methods to separate SGs from
non-SGs through their spectral features in the CaT spectral region. We have also revisited
those criteria used in the past to identify SGs (the sum of the EWs of the CaT, the blend at
8468 A˚, and the ratio between Fe i 8514 A˚ and Ti i 8518 A˚lines), studying their behaviour for a































Figure 4.27: Fraction of the sample that has a probability of being a SG (calculated through
the PCA method, using the PCs obtained from the Gaia line list) equal or higher than the
value given at the x-axis. The colours indicate the subsample: black for whole sample, red for
non-SGs, blue for all SGs, magenta for SMC SGs, cyan for LMC SGs, and green for MW SGs.




























































Figure 4.28: Left (4.28a): PC2 (calculated from the Gaia input list) to the sum of EWs of
the CaT lines. The display is the same as in the Figure 4.15 Right (4.28b): PC2 versus PC4
diagram, calculated from Gaia input list. The display is the same as in the Figure 4.15
significantly larger sample. We have evaluated their limitations and compared their efficiency
and contamination with those obtained through our PCA/SVM method.
1. The results obtained based exclusively on the blend at 8468 A˚ are not very good (an
efficiency of 0.76± 0.06 and a contamination of 0.13± 0.06 even if we only consider stars
K4 or later, which is the most favourable case), primarily because the strength of this
blend depends on metallicity and SpT as much as on luminosity. The CaT and the Ti/Fe
provide better results, but still slightly worse than those obtained with our PCA/SVM
method. The CaT (using the three lines) criterion that we propose results in an efficiency
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of 0.95± 0.04 and a contamination of 0.07± 0.04. The criterion based on the sum of the
EWs of the two strongest Ca ii lines from Negueruela et al. (2011) gives a low efficiency
(0.79 ± 0.04) when applied to a wide range of metallicities, as it was devised for Milky
Way stars. The ratio criterion results in an efficiency of 0.93± 0.04 and a contamination
of 0.07± 0.04. Instead, the PCA/SVM method provides an efficiency of 0.98 ± 0.04, and
a contamination of 0.02 ± 0.04. Therefore, our method provides better results than the
classical criteria, with a clearly better contamination and slightly better efficiency.
2. The individual probability of each target being a SG, P (SG), was estimated from the
results of three different criteria studied in this work: PCA, CaT and Ti/Fe. The study
of the distribution of the P (SG) for our targets reveals that the classical methods have
P (SG) = 1 for most SGs and P (SG) = 0 for most non-SGs. However, there is a significant
number of non-SGs with high probabilities (even P (SG) = 1), which are unavoidable
through these methods. Due to that, the contamination is ∼ 0.08 ± 0.04 in both cases.
On the other hand, in the PCA method the non-SGs present values of P (SG) significantly
lower than the SGs. Thus, for a lower boundary of P (SG) = 0.75, most SGs (∼ 0.90±0.04
in the case of the whole sample, and ∼ 0.80 ± 0.13 in the case of MW SGs) are selected
without any non-SGs. Moreover, the efficiency can be increased, at the cost of a small
contamination (0.03±0.04), by taking as potential SGs those targets between P (SG) = 0.75
and a lower boundary. The value of this lower boundary can be estimated in any sample
through the study of the shape of the distribution of P (SG). It has an inflexion point at
a certain P (SG), where the non-SGs begin to dominate the sample. For our sample, we
reach an efficiency of ∼ 0.95± 0.04, at an inflexion point of P (SG) = 0.60 (this value may
be different for other samples, and thus it must be estimated in each case).
3. Criteria based on PCA have another important advantage with respect to the classical
criteria. They use the information from many lines, and the classification is performed in a
space of many dimensions. Therefore, they are more robust. Moreover, this method allows
for a reliable classification to identify CSGs when the optical spectrum is not available, as
happens with RSGs in the Galactic Plane, whose optical spectra are heavily extinguished.
The method can also be applied to spectra taken with the RVS on board Gaia. As we
commented above, these spectra do not include the main TiO bandheads in the CaT
region, and, as the spectra are normalized, the change in the continuum due to the TiO
bands is not measurable. We provide a variation of our method specifically designed to be
applied to the spectra from the RVS in Section 4.5. Not all the atomic lines that we have
used are inside the spectral range of the RVS (that covers from 8470 A˚ to 8740 A˚). Thus,
in Section 4.5 we repeat the same analysis, using only those lines that lie inside the RVS
spectral range.
4. In spite of the good results obtained, the reader must be aware that the fractions obtained
in this work are an indicator, and might vary when applied to other samples. This is be-
cause the efficiency and contamination depend on typical SpTs in the sample (the mid- and
late-M stars are hard to identify even with our PCA method). As the typical SpTs of the
SG population depend on metallicity, we expect worse results for SGs from solar or higher
metallicities. Thus, we have calculated as an example the efficiency and contamination
obtained by applying our criteria to the sample from the Galaxy alone, obtaining a good
efficiency (0.94 ± 0.13) and a low contamination (0.03 ± 0.13), statistically equivalent to
the results from the three-galaxy sample. We investigate this topic further in the analysis
of large MW samples, in Chapter 5.
5. In addition, we have also investigated the behaviour of the TiO bandhead at 8859 A˚ with
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SpT, because it is the strongest band in the region and has never been studied before with
a significantly large sample of SGs. Through this work, and also using PCA results and
measurements of atomic Ti lines, we have developed a method to estimate the SpT of a
SG sample.
6. Finally, we have also developed criteria to identify veiled RSGs, or at least good candidates
to such objects.
Chapter 5
Identification of cool supergiants in
the Milky Way
In this chapter we apply the criteria and methods derived in Chapter 4 to the observed Galactic
samples, one from the Perseus arm (see Section 2.3) with almost 600 objects, and the other
from the Scutum-Crux arm (see Section ??) with more than 1600 unique targets. We identify
the SGs in them using their probabilities of being a SG (P (SG)) calculated through multiple
criteria. Then, we compare the results and test the efficiency of our methods when applied to
these Galactic samples.
We have to note that, even though the large populations of SGs that we find can provide a
large amount of scientific information, in this work our only goal is to identify them, testing the
capabilities of the methods proposed in Chapter 4. As a result, we do not explore here any of
the possible uses that the catalogues of SGs obtained may have. This work is only the first step
towards an exhaustive analysis that we will develop in the near future.
5.1 Identifying supergiants
5.1.1 Considerations about the samples studied
To test the efficiency and contamination obtained by our methods in these samples, we needed
a group of stars with known SpTs. For the Scutum sample, the data was crossed with a list of
previously known RSGs from Davies et al. (2007) and Negueruela et al. (2011, 2012).
For the Perseus arm sample a visual classification was performed, using the classical criteria
for the CaT spectral region explained in Ginestet et al. (1994); Carquillat et al. (1997). All
the carbon stars found (46) were marked and removed from later calculations. We did not use
them in the present chapter, but they are indicated in our resultant catalogue (see Table C.1).
Without the carbon stars, the Perseus sample has 548 objects.
There is no overlap between the two epochs when the Perseus arm was observed. All the
targets are unique objects. Contrarily, the Scutum-Crux arm sample contains many targets
observed on two or three different epochs. As we did not know a priori if they are spectrally
variables, and the quality of the spectra may differ greatly from one epoch to another, we treated
the observations of each star in different years as a different target for identification purposes.
In consequence, the Scutum sample is formed by 2240 targets, although there are only 1633
unique objects in total. The complete list is given in Table C.2.
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Before any analysis, we must take into account that the SGs from the MW typically have M
subtypes. Therefore, we may expect our samples to be dominated by these subtypes. In addition,
most of the interlopers that we found are red giants, which are also M stars. In consequence,
the diagrams obtained have their data concentrated in the regions typical of M stars, differing
from the distribution seen in the calibration sample (the one studied in Chapter 4), because its
SpT range spans from G0 up to late-M subtypes.
5.1.2 Supergiant identification using the classical criteria
The classical criteria that we will use in this chapter are the EW of the CaT and the ratio
between the Fe i 8514 A˚ and Ti i 8518 A˚ lines. We will not use the EW of the blend at 8468 A˚,
neither the sum of EWs for the two strongest lines of the CaT, because of their low efficiencies
and high contaminations.
The CaT criterion identifies as SGs those targets having the sum of EW of the three lines
equal or higher than 9 A˚ (see Section 4.3.3). The classical identification of SGs through the
Fe i 8514 A˚ to Ti i 8518 A˚ lines uses their ratio. However, we used the diagram of these two lines
(see Fig. 4.13), calculating a boundary line ((EW (8514.1) = 0.37 · EW (8518.1) + 0.388)) that
optimally splits SGs from non-SGs (see 4.3.3). The result of the application of these criteria to
our samples is shown in Tables 5.1, and 5.2.
Table 5.1: Number of SGs and non-SGs found through the CaT criterion. The 2-sigma un-
certainties of the fractions are equal to 1/
√
n, where n is the total number of targets in the
correspondingly sample.
Sample Number Fraction
and epoch SG non-SGs Total SG non-SGs
Scutum (2010) 112 393 505 0.22± 0.04 0.78± 0.04
Scutum (2011) 155 756 911 0.17± 0.03 0.83± 0.03
Scutum (2012) 187 637 824 0.23± 0.03 0.77± 0.03
Scutum (all) 454 1786 2240 0.20± 0.02 0.80± 0.02
Perseus (all) 299 240 548 0.55± 0.04 0.45± 0.04
Table 5.2: Number of SGs and non-SGs found through the Ti/Fe criterion. The 2-sigma un-
certainties of the fractions are equal to 1/
√
n, where n is the total number of targets in the
correspondingly sample.
Sample Number Fraction
and epoch SG non-SGs Total SG non-SGs
Scutum (2010) 137 368 505 0.27± 0.04 0.73± 0.04
Scutum (2011) 186 725 911 0.20± 0.03 0.80± 0.03
Scutum (2012) 131 693 824 0.16± 0.03 0.84± 0.03
Scutum (all) 454 1786 2240 0.20± 0.02 0.80± 0.02
Perseus (all) 237 302 548 0.43± 0.04 0.57± 0.04
We calculated the individual P (SG) for all our targets, through both criteria, as explained
in Section 4.4. For each of our targets 1000 new sets of variables were generated. The resultant
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P (SG) are given in Tables C.1 and C.2, and also displayed in Figs. 5.6, and 5.2. These figures
can be compared with those in which the individual probabilities (Figs. 4.17 and 4.18), or real
LCs (Figs. 4.15a, and 4.13b) of the calibration sample are shown, in Chapter 4. In these figures
it can be seen that the targets of the Perseus and Scutum samples are concentrated in the
region of the diagrams populated by the M stars of the calibration sample, as was discussed in
Section 5.1.1. Beyond this difference, the distributions of the targets in these diagrams are the
same as for the calibration sample.
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Figure 5.1: Depth of the TiO bandhead at 8859 A˚ with respect to the sum of the EWs of the
CaT lines. The shapes indicate epoch: 2011 circles, 2012 squares. The black cross indicates the
median uncertainties. The colour indicates P (SG)CaT. Left (4.15a): Perseus sample. Right
(4.15b): Epochs 2011 and 2012 of the Scutum sample.
















































































Figure 5.2: EWs of the Fe i 8514 A˚ and the Ti i 8518 A˚ lines. The shapes indicate epoch: 2010
diamonds, 2011 circles, 2012 squares. The black cross indicates the median uncertainties. The
colour indicates P (SG)Ti/Fe. Left (4.15a): Perseus sample. Right (4.15b): Scutum sample.
Since the boundaries between SGs and non-SGs in these diagrams are straight lines, a given
star can be identified as a SG if it has P (SG) ≥ 0.5 – this is equivalent to the simple assignment
to one of the two categories discussed two paragraphs above. Thus, we provide these probabilities
simply as a measurement of the reliability of the identification that can be compared with the
more complex method discussed in the next paragraph. Both methods find that most of the
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Scutum sample is composed by non-SGs, while in the Perseus sample about 50% of the targets
are SGs. However, before drawing any conclusion, we should study the efficiency of our methods
in these samples.
5.1.3 Supergiant identification through the PCA method
The PCA method consists in the discrimination of SG and non-SGs in the multidimensional
space formed by the first 15 PCs (which contain 98% of the accumulated variance of the PCA).
To separate SGs and non SGs in this space, we calculated the optimized boundaries through
the SVM method.




























































Figure 5.3: PC1 versus PC3 diagram. The shapes indicate epoch: 2011 circles, 2012 squares.
The black cross indicates the median uncertainties, which have been calculated by propagating
the uncertainties through the lineal combination of the input data (EWs and bandheads) with
the coefficients calculated. The colour indicates P (SG)PCA. Note that both panels have been
represented in the same scale, to ease the comparison. Left (4.15a): Perseus sample. Right
(4.15b): Epochs 2011 and 2012 of the Scutum sample.
The first step was to obtain the PCs of the targets. For this, we calculated the linear
combination of the EWs measured for each target in our samples with the PCA coefficients.
For the Perseus sample, and for the targets from Scutum observed in epochs 2011 and 2012,
the coefficients are those derived from the line list proposed in Section 4.2.1. The corresponding
coefficients are given in Tables from B.3 to B.6. The spectral range observed for the Scutum 2010
sample is shifted towards the blue by about 100 A˚ with respect to the other Scutum epochs. As
these spectra do not cover all the spectral features required by the complete line list, we used
the PCA based on the Gaia line list (see Section 4.5). The corresponding coefficients are given
in Tables from B.7 to B.9.
Once the PCs for our targets were calculated, P (SG)PCA was calculated through a Monte-
carlo process (generating 1000 new sets per target), as explained in Section 4.4. The results are
given in Tables ?? and C.2. They are also represented in the PC1 to PC3 diagrams, one for the
Perseus data (Fig. 5.3a), another for the epochs 2011 and 2012 of the Scutum data (Fig. 5.3b),
and the last one for the epoch Scutum 2010 (Fig. 5.4). We display the data for this last epoch
in a different diagram because their PCs were calculated through the Gaia PCA. Thus, the PC
values are on a different scale from those for the data from 2011 and 2012.
The P (SG)PCA obtained are different from the P (SG)CaT and P (SG)Ti/Fe, because they are
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Figure 5.4: PC1 versus PC3 diagram, for the epoch 2010 of the Scutum sample. The cross
indicates the median uncertainties, which have been calculated by propagating the uncertainties
through the lineal combination of the input data (EWs and bandheads) with the coefficients
calculated. Note that the PCs for the data from this epoch were calculated through the Gaia































Figure 5.5: Fraction of the sample that has a probability of being a SG (calculated through
the PCA method) equal or higher to the corresponding x-axis value. The colours indicate the
sample: red for the Perseus arm, blue for the epochs 2011 and 2012 of the Scutum arm, and
green for the epoch 2010 of the Scutum arm. Each fraction is calculated with respect to the size
of its own sample.
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not calculated for a 2-dimensional diagram with a linear boundary. In the PCA method, the
boundaries work in a multidimensional space of 15 or 9 dimensions, depending on the PCA used
(the one calculated from the complete line list, or that calculated for the Gaia range). Thus,
the analysis of P (SG)PCA is more complex than in the case of the classical criteria.
When we studied the distribution of P (SG)PCA among the components of the calibration
sample, we found that only SGs present values higher than P (SG)PCA = 0.75 (see Sects. 4.5.3
and 4.4.2). Thus, we are able to obtain a group of SGs free of any non-SG (the ”reliable SGs” set).
In addition, it is possible to define an interval of probabilities between P (SG)PCA = 0.75 and a
lower limit, that increases the selection of SGs, while keeping the contamination very low (the
”probable SGs” set). The optimal lower limits for the Galactic samples were selected through
the diagram shown in Fig. 5.5, by the estimation of the inflexion point in the corresponding
curve. For the Perseus sample we estimate it at P (SG)PCA ∼ 0.55. Both Scutum samples
present a curve different in shape from that of the Perseus sample, but without significant
differences between them two, despite the different PCA used. Therefore we decided to study
all the three epochs of Scutum together in later calculations. Their inflexion point was estimated
at P (SG)PCA ∼ 0.40. The number of SGs found by this analysis for all samples considered is
indicated in Table 5.3.
Table 5.3: Number of targets tagged as ”reliable SGs” or ”probable SGs” (see text) through the
analysis of P (SG)PCA. We also show the fraction that these groups are with respect to their
corresponding samples. The 2-sigma uncertainties of the fractions are equal to 1/
√
n, where n
is the total number of targets.
Number Fraction
Reliable Probable All Reliable Probable All
Sample SGs SGs SGs SGs SGs SGs
Scutum 32 518 550 0.01± 0.02 0.23± 0.02 0.25± 0.02
Perseus 115 75 190 0.21± 0.04 0.14± 0.04 0.35± 0.04
The targets tagged as ”reliable SGs” are a significant fraction of the Perseus sample, much
larger than that of ”probable SGs”. This is not the case for the Scutum sample: the fraction
of ”reliable SGs” is almost negligible, while almost all the SGs identified correspond to the
”probable SGs” set. The reasons for this discrepancy are not clear, but we may hypothesize
that it could be caused by the different properties of the SGs in each sample. Those in the
Scutum arm are expected to be richer in metal content than those in the Perseus arm, because
of the metallicity gradient in the Galactic disk. In this scenario, we would expect later subtypes
for the Scutum SGs (see Section 1.2.3), and we know that the PCA method gives worse results
for mid- and late-M subtypes. In addition, our calibration sample is mostly composed by low
metallicity CSGs, plus a small fraction (about ∼ 10%) with metallicities typical of the solar
neighbourhood. So, for a high metallicity sample, it is not unreasonable to find that our method
detects few SGs with high reliability, although it still identifies them as ”probable SGs”.
5.2 Efficiency and contamination
5.2.1 Efficiency
The efficiencies of the methods used for the identification of SGs in the calibration sample were
calculated in Chapter 4. However, as mentioned just above, the typical SpTs in the Perseus
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and Scutum samples are expected to be considerably different from those in the calibration
sample. This is easily confirmed by comparing Figs. 5.3, 5.4, 5.2, and 5.6 with those equivalent
in Chapter 4. Almost all the targets in these Galactic samples are in the regions typically
occupied by the M stars of the calibration sample. Because of this difference in the distribution
of SpTs, we decided to estimate the efficiencies for the Perseus and Scutum samples to test if
there are significant differences with respect to those obtained from the calibration sample.
To estimate the efficiency in Perseus, we used the visual classification previously performed
for this sample. Note that this classification is not a priori more reliable than our methods.
However, it provides a reasonable estimate of the average quality of our classification with respect
to a visual classification performed using classical criteria. In the first place, we calculated the
efficiency for each method (see Table ??). The PCA method has the lowest efficiency, similar to
the Ti/Fe criterion, but significantly lower than the efficiency of the CaT criterion. Nevertheless,
when the LC of the targets are taken into account, the results can be seen in a very different
light.
Table 5.4: Number of targets from the Perseum sample tagged as SGs through the visual
classification, that were also identified by the considered methods. Note that in the visual
classification we found 258 SGs. Among them, 96 were classified as Ia or Iab, 103 as Ib, and 59
as Ib – II. Thus, the efficiencies, and their uncertainties (that are equal to 1/
√
n) are calculated
with respect to these values.
Number of SGs found Efficiency
Method All Ia to Iab Ib Ib – II All Ia to Iab Ib Ib – II
PCA 182 86 83 13 0.71± 0.06 0.90± 0.10 0.81± 0.10 0.22± 0.13
CaT 209 86 87 36 0.81± 0.06 0.90± 0.10 0.84± 0.10 0.61± 0.13
Ti/Fe 197 83 83 31 0.76± 0.06 0.86± 0.10 0.81± 0.10 0.53± 0.13
The calibration sample is dominated by high- and mid-luminosity SGs (Ia and Iab), with
only a small fraction of Ib objects and a few less luminous stars (LC Ib – II). In consequence,
our criterion is optimized to find Ia and Iab SGs. In view of this, we will consider the efficiency
for different LCs separately. The efficiencies of the PCA and CaT criteria for high luminosity
SGs are the same, 0.90 ± 0.10, and comparable to those found for the calibration sample. The
efficiencies for low luminosity SGs (Ib) are also similar in both methods, but for the Ib – II stars,
they are significantly different. The higher efficiency of the CaT method in the Ib – II group
stems from the fact that this criterion is much less strict than the PCA one, and also more
susceptible to contamination. As the Ib – II subclass is the boundary between SGs (LC I) and
bright giants (LC II), the morphology of objects with this tag is between both luminosity classes
and there may be some stars that are not SGs, but pretty similar to them. Thus, many these
stars are accepted as SGs by the CaT easily, while a more restrictive method, as PCA, would
not accept them.
In the case of Scutum, we have crossed the sample targets with a list of previously known
RSGs from Davies et al. (2007); Clark et al. (2009); Alexander et al. (2009); Negueruela et al.
(2011); Gonza´lez-Ferna´ndez & Negueruela (2012); Negueruela et al. (2012, 2013). The result is
the list shown in Table C.3. Although this is a short list compared to all the others that have
been used to estimate efficiencies, it is enough to make a rough estimation. We want to stress
that, as there is a slight overlap among the targets from different epochs for Scutum, some stars
have entered the efficiency calculations more than once: among the 114 targets considered, there
are only 66 unique objects. We decided to consider the spectra from each epoch as independent
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targets, although they belong to the same object, because they may present spectral variability,
and, most importantly, because many of them have substantially different quality (in terms of
SNR or sky subtraction).
To study the efficiency in Scutum we split the sample according to their luminosity subclasses,
as we did for Perseus. The results obtained through the different methods used are displayed
in Table 5.5. We find that, when the whole set of known SG is considered, the only significant
difference with respect to the Perseus sample is for the PCA method, which has a slightly higher
efficiency here. This is because the fraction stars with Ib LC among known RSGs in Scutum
is very small, and the number of Ib – II objects is almost negligible. In fact, the efficiencies for
luminous SGs from Scutum are compatible with those obtained for the Perseus arm.
Table 5.5: Number of previously known RSGs from the Scutum sample tagged as SGs by the
considered methods. Note that there are 114 targets taking into account the three epochs, but
there are only 66 unique objects. Of them, 97 targets are classified as Ia or Iab, 12 as Ib, and 5
as Ib – II. Thus, the efficiencies, and their uncertainties (that are equal to 1/
√
n) are calculated
with respect to these values.
Number of SGs found Efficiency
Method All Ia to Iab Ib Ib – II All Ia to Iab Ib Ib – II
PCA 100 87 11 2 0.88± 0.09 0.91± 0.10 0.9± 0.3 0.4± 0.4
CaT 90 82 5 3 0.79± 0.09 0.85± 0.10 0.4± 0.3 0.6± 0.4
Ti/Fe 93 82 9 2 0.82± 0.09 0.85± 0.10 0.8± 0.3 0.4± 0.4
As was mentioned above, our methods, but specially the PCA methods, are very efficient
except for low luminosity SGs. However, there is also a fraction (∼ 0.10) of luminous RSGs that
were not identified. For both samples, we examined the nature of these objects. We found that
they are dominated by mid- to late-M types. In Perseus, there are ten luminous RSGs that were
not found by none of the methods, one is M5 and seven have very late SpTs (M7 or M7.5). In
fact, these stars are all the luminous RSGs with SpTs M5 or later in the Perseus sample. In
Scutum, there are small variations between the identifications by the different methods, and we
lack SpTs for some of the RSGs. However, for the stars with published SpTs, the results are
essentially the same as in Perseus. In the case of the PCA method, among the fourteen RSGs
not identified as such, three are M5, and five others have even later SpTs. The rest are mid-M
low-luminosity targets, plus two K luminous stars. However, one of the K stars is Stephenson 2
D8, classified as K5 I in Davies et al. (2007), but reported as a very late giant star by Negueruela
et al. (2013). Thus, the PCA identification seems to agree with the second work cited. In the
case of the CaT and Ti/Fe criteria, there are more non-identified SGs. The stars are the same as
with the PCA method, plus a few more with very similar spectral characteristics. As there are
only ten known luminous RSGs having M5 or later SpTs in Scutum, the obvious conclusion is
that our methods fail almost completely for such late-M RSGs. In addition, we have to conclude
that they are not very efficient for low luminosity SGs (LC Ib or LC Ib – II).
5.2.2 Contamination
The three identification methods studied above have similar efficiencies. However, when applied
to the calibration sample, the PCA advantage is to provide significant lower contaminations
than the other two. Thus, we test here, for the Perseus sample, the contamination obtained in
each case. The results are shown in Table 5.6.
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Table 5.6: Contaminations obtained through different methods for the Perseus sample. As the
contamination is the fraction of targets tagged as ”SGs” that actually are not SGs, its 2-sigma
uncertainty is equal to 1/
√
n, where n is the number of objects identified as SGs.
Number of targets Number of non-SGs
Method tagged as SGs wrongly identified Contamination
PCA 193 11 0.06± 0.07
CaT 304 95 0.31± 0.06
Ti/Fe 238 41 0.17± 0.07
The less contaminated selection in the Perseus sample is that obtained with the PCA. All
the non-SGs wrongly selected by the P (SG) have LC II in the manual classification, i.e. their
spectra are very similar morphologically to those of low-luminosity RSGs. Indeed, we cannot
dismiss a priori the possibility that they may be low-luminosity SGs wrongly identified in the
manual classification. The Ti/Fe criterion has a significantly higher contamination , but the
highest one was found for the CaT criterion, which works significantly worse than the other two
in this respect. These results corroborate for a large Galactic sample that, even though all three
methods have similarly high efficiencies, the PCA method, using P (SG), provides an efficiency
as good as the other methods but with a much lower contamination.
The contamination found in the Perseus sample through the PCA method is compatible
with those obtained for the calibration sample (0.03 ± 0.04) and its MW subset (0.08 ± 0.13).
In the case of the calibration sample the contamination for both the Ti/Fe and CaT criteria is
0.08± 0.04. This value is just compatible with the contamination for the Ti/Fe criterion when
applied to the Perseus sample, but not at all with that obtained for the CaT criterion, which
performs rather worse here. However, the MW subset of the calibration sample results in values
of contamination fully compatible with those obtained for the Perseus sample (0.17 ± 0.13 for
the Ti/Fe criterion, and 0.20± 0.13 for the CaT criterion).
We do not have any previously known non-SGs in the Scutum sample. Therefore, we cannot
perform a contamination study for it. However, we may extrapolate from the results obtained
for Perseus and the calibration sample.
5.3 Galactic populations of cool supergiants
After the analysis of the efficiencies and contaminations, we centred our attention on the results
obtained through the PCA method. As was explained in Section 5.1.3, with the values proposed
for the P (SG)PCA we identified 190 targets as SGs in Perseus, and 550 in Scutum. In the
first case all the targets are unique objects, because there is no overlap between the two epochs.
Contrarily, for the Scutum sample, 2240 targets were observed during its three epochs, but there
are only 1633 unique objects. Thus, we studied the identification of unique targets in Scutum.
5.3.1 Supergiants in Perseus
The PCA method identified 190 CSGs in The Perseus sample. As we estimated the efficiency
of the method in 0.90± 0.10, we may consider that there are ∼ 20± 20 extra stars among our
sample, with low luminosities or very late subtypes (M5 or later).
There are about a hundred known CSGs in this region (Humphreys 1970, 1978), and we
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included 57 of them in our sample. Thus, this survey has found ∼ 130 new CSGs in the region
(maybe more, taking into the account the number of unidentified – yet – late RSGs that we
have estimated). This is a very significant increase in the number of CSGs known in the area.
Even more importantly: our sample represents one of the largest homogeneous surveys of CSGs
done in our Galaxy. We can thus study the population behaviour of the RSGS in that Galactic
region using statistics, as we did for the Magellanic Clouds, having a number of objects high
enough to allow comparisons in the results. Moreover, we can study their distribution and its
implications for the recent star formation in the Perseus arm.
5.3.2 Supergiants in Scutum
The Scutum sample has a significant target overlap among its the three epochs, with 30% of the
objects observed more than once. The number of stars observed only on one epoch are presented
in Table 5.7, while the numbers of those with multi-epoch observations are shown in Table 5.8.
From the 1633 unique targets observed, there are 337 stars that have been identified as SGs in
all the epochs (one or more) where they were observed, and 70 that were tagged as SGs in some
of their epochs but not in all.
Table 5.7: Analysis of the unique targets from Scutum observed only in one epoch.





Table 5.8: Objects from the Scutum sample observed in more than one epoch. Note that there
is not any overlapping between the targets observed in three epochs and those indicated as
observed in two, because in each category there are only those targets that were observed only
in the indicated epochs.
Targets tagged as SGs in
Epochs in common Targets one epoch two epochs three epochs
2010 – 2011 251 46 58 –
2010 – 2012 41 3 4 –
2011 – 2012 81 7 18 –
2010 – 2011 – 2012 117 11 3 30
Total unique objects 490 67 83 30
We think that there are two possible reasons that can explain why some targets were identified
as SGs only in some of their observations. Firstly, as we have seen before, CSGs may have
spectral variability. If such variation shifted a star toward mid- or late-M subtypes, our PCA
method would not have identified it as SGs in that state, but it probably would do it when the
it has an earlier SpT. Secondly, some results may be the consequence of low S/N spectra. In
consequence, we calculated for each object a mean P (SG)PCA using all its epochs, with each
epoch weighted by the corresponding S/N. The results are shown in Table 5.9.
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Table 5.9: Identification of SGs based on mean P (SG)PCA calculated for those targets with
discrepancies in their multiepoch identifications. Note that the mean of a given object was
weighted by the S/N of their spectra from each epoch.
Identification through
mean P (SG)PCA
Epochs in common Total SG non-SG
2010 – 2011 46 27 19
2010 – 2012 3 2 1
2011 – 2012 7 4 3
2010 – 2011 – 2012 14 7a 7
Total unique objects 70 40 30
Notes. (a) Here are included the three stars which were identified as SGs in two of their three epochs.
Through the mean P (SG)PCA we can obtain a classification that is not affected by a single
low S/N spectrum. In this chapter, we will use this identification for a preliminary estimation of
the number of SGs in the sample. The possibility of spectral variations betweeb different epochs
cannot be ruled out and it would have a strong effect on the P (SG)PCA values. Therefore
deciding if a given star is a SG or not requires an individualized study, which has not been
developed for the present work.
In total, our method identified 377 unique targets as SGs in Scutum, which is 0.23± 0.02 of
our total sample. However, we have an efficiency of ∼ 0.90 ± 0.10 for this sample. Moreover,
similar efficiencies were obtained for the calibration sample (including its MW subsample), and
the Perseus sample. Using this value, we may make a reliable estimation of how many RSGs
present in the Scutum sample the PCA method may have failed to identify as such. We estimate
that there are 42±42 more RSGs hidden in our sample, perhaps because of their low luminosities
or, more likely, due to their extremely late subtypes. We believe that the second option is more
probable, although such late supergiants are very rare, because higher luminosities are expected
for later SpTs (see Section 3.3.1). Given the distances and extinctions that are typical in the
Scutum sample, high-luminosity objects are more likely to have been observed than those with
low luminosity. In any case, finding the wrongly-identified CSGs among more than 1000 stars
(and an even larger number of spectra because of the overlap) is a hard task. New strategies
should be developed to face it in the future.
The few known RSGCs are located in the region of the galactic plane covered by our survey
(from l = 24 deg up to l = 30 deg). Each of them contains a significant amount of RSGs,
e.g. RSGC1 contains 15 RSGs (Figer et al. 2006; Davies et al. 2008), RSGC2 (also named as
Stephenson 2) has 26 RSGs in its core (Davies et al. 2007), and RSGC3 includes 16 RSGS (Clark
et al. 2009). In addition, there is also a large number of RSGs scattered around them (e.g. 75
RSGs around Stephenson 2 Negueruela et al. (2012)). However, even with these numbers, the 377
of RSGs found in this survey, even if a fraction of them are already known, increases dramatically
the size of the RSG population known in this region. Moreover, this survey provides a large,
multi-epoch sample, statistically significant even at Galactic scale (as there are a few hundreds
of RSGs known in the whole Galaxy), and with the advantage that it has been homogeneously
observed. Therefore, it opens the gate to study the young populations in the inner Galaxy on
an unprecedented scale. However, all this science is beyond the goals and capabilities of the
present work.
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5.3.3 Candidates to extreme red supergiants
In Section 4.3.4 we proposed the use of some diagrams to detect RSGs affected by veiling, a
characteristic effect that ERSGs present at some points in their spectral variation. However,
these diagrams are only useful to select candidates to ERSGs. The confirmation of their nature
requires a more detailed study, through spectroscopic or photometric follow-up. Therefore,
we present here our samples displayed in the basic diagrams (see Fig. ??), but only with an
indicative intention, because the detailed analysis is beyond the goals of this work.
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Figure 5.6: Depth of the TiO bandhead at 8859 A˚ with respect to the sum of the EWs of the
CaT lines. The shapes indicate epoch: 2011 circles, 2012 squares. The black cross indicates the
median uncertainties. The colour indicates P (SG)PCA. The magenta star is the ERSG S Per,
and the red star is UY Sct, both with their own error bars. Left (4.15a): Perseus sample.
Right (4.15b): Epochs 2011 and 2012 of the Scutum sample.
In Figs. ??a and ??b we include the location of the two veiled ERSGs, UY Sct and S Per
(which actually is one of the stars in the Perseus sample), that we had available. They indicate
the typical region where veiled stars usually lie. These figures can also be compared with
Fig. 4.15, where the data for the calibration sample is shown. For the Perseus sample we found
only one star laying close to our reference veiled stars, out of the main stream of giant and
supergiant stars. This object was rejected as a SG by the P (SG)PCA (and also by the other
methods), but given the effect of the veiling over the atomic lines, this is not unexpected. For
the epochs 2011 and 2012 of Scutum we found many more objects (∼ 30) scattered around of
S Per and UY Sct. A few of them are identified as SGs, but most are not. In any case, all these
stars should be studied in a detailed way, analysing their multiple epochs if available, in order
to test which ones may be considered as ERSGs.
5.3.4 Spectral type estimation
We estimated the SpTs of many of our stars in both samples, Scutum and Perseus, through
the methods proposed in Section 4.2.3. For the 2010 Scutum sample, we used, instead, the
one proposed in Section 4.5.2 because the PCs of its targets were calculated with the Gaia
line list. Initially we used the automated selection to split our samples into ”early” and ”late”
groups. For the ”early” subsamples we removed those objects that were not identified as SGs
in Section 5.1.3. For late stars, since giants and supergiants present the same behaviour, we
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calculated the SpTs for both SGs and non-SGs. Nevertheless, we removed all those targets with
SpTs too late for the regression line (those with PC1> 8 and PC2< −3).
For the ”early” subsamples we used as input the EW(Ti i) index with the slope and y-
intercept indicated for the Galaxy. For the ”late” ones, we used the depth of the TiO band at
8859 AA. In both cases the slopes and y-intercepts necessary were taken from Table 4.4. For the
2010 Scutum sample, we used the PC2 as input, for both the ”early” and ”late” subsamples,
with the slopes and y-intercepts prescribed in Table 4.5. We show the results obtained for those
stars identified as SGs in Fig. 5.7.


























Figure 5.7: Distribution of the calculated SpTs for the targets identified as SGs. Left (3.19a):
Perseus sample. Right (3.19b): Scutum sample. Because there are targets observed in different
epochs, we represent the data from each year separately: green for 2010, red for 2011 and blue
for 2012.





























Figure 5.8: Distribution of the differences between the SpT estimated for each target by linear
regressions (see text) and its SpT previously known. Only the targets identified as SGs are
shown. The width of the bins have been calculated by the Fredman-Diaconis rule, multiplied
by a factor of 0.8. Left (3.19a): Perseus sample. Right (3.19b): Scutum sample. Because
there are targets observed in multiple epochs, we represent the data from each year separately:
green for 2010, red for 2011 and blue for 2012.
We also tested the results by comparing the calculated SpTs assigned to each star with
132 CHAPTER 5. IDENTIFICATION OF SGS IN THE MILKY WAY
the SpTs previously known for it. We show the histograms of the differences between both
classifications in Fig. 5.8. The median of the absolute value of the differences is half a subtype
for the Perseus sample, and one subtype in the case of Scutum, which is the same that was
obtained for the manual classification of the SMC and LMC samples (see Section 2.1.5, and also
Table 2.2).
There are a few stars with large differences. For the Scutum sample, the difference in some
cases may be explainable through SpT variations because the known SpTs were taken from the
literature. This is not the case for the Perseus sample, because the manual and automated
classifications for these objects were done using the same spectra. Spectral variability cannot
account for those objects with large differences in their classification.
The SpT distribution of the Perseus sample has its median value at M2, confirming the results
obtained by (Elias et al. 1985) and later confirmed by Levesque et al. (2005) (see also Fig. 5
from Levesque & Massey (2012)). This value does not change even if the low luminosity SGs
(Ib or Ib – II) are removed. For the Scutum sample, due to the target overlap, we have analysed
separately each epoch. In all of them, the results present approximatively the same distribution,
centred on M2. We would perhaps expect a slightly later SpT, because this sample is expected
to be more metallic than the Perseus population, but the difference among the medians (Scutum
has a median half a subtype later) is not significant considering our precision of one subtype
for this sample. However, this topic requires a more detailed investigation because there are
two effects playing a role of unknown weight in this result. The first one is the presence of low-
luminosity supergiants in our sample. The low-luminosity objects present a different behaviour
(as explained in Section 3.3.1), and they may be dominant among the early- and mid-K subtypes
seen in our distribution. Thus, removing these stars, the median may be displaced toward later
subtypes. The second effect is the absence of many mid- and late-M SGs, almost all of those in
our sample, because our method does not identify such stars as SGs.
5.4 Conclusions
We have applied the methods developed in Chapter 4 to two Galactic samples of candidates
to be CSGs, one from the Perseus arm, and the other from the base of the Scutum-Crux arm.
We have studied the results obtained and also their reliability, comparing them with previously
known classifications. Summarising, we can conclude:
1. We considered three methods for the identification of SGs, based on the CaT and Ti/Fe
criteria, and on the PCA analysis. We find that, for both samples, the efficiencies of all
these methods are high (∼ 0.90±10) for objects with LCs Ia and Iab, but significantly lower
(between ∼ 0.2 and ∼ 0.9 – depending on the method and the sample) for low-luminosity
SGs (Ib or Ib – II). Regrettably we find that the efficiency is almost zero for subtypes later
than M5, independently of the method used. The efficiency for high luminosity SGs is
compatible with those found for the calibration sample (whose SGs were dominated by
the mid- and high-luminosity objects).
2. Although the efficiencies are similarly good, the contaminations are very different for each
method. As in the case of the MCs, the PCA method provides the cleanest sample of
SGs, with a contamination fraction as low as 0.06 ± 0.07 in the Perseus sample, against
0.31± 0.06 and 0.17± 0.07 for the CaT and Ti/Fe criteria. The contamination found for
the PCA method is compatible with that obtained for the calibration sample. However,
the other two methods result in values significantly higher, probably because our samples
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have a larger fraction of bright M giants.
3. Through the PCA method, we identified a large number of targets as CSGs: 190 in Perseus,
and 550 in Scutum (although because of the overlap between epochs, there are only 377
unique targets). These CSGs are a significant fraction of our samples (0.33 ± 0.04 and
0.25 ± 0.02, respectively, 0.23 ± 0.02 in the case of Scutum if only the unique objects
are considered). These samples of CSGs provide the largest catalogues of CSGs observed
homogeneously in the MW, increasing the census of known galactic CSGs dramatically.
The lists of stars observed, with their corresponding probabilities of being a SG through
different methods are given in Tables C.1 and C.2. Scientific exploitation of these samples
will result in significant advances in our understanding of Galactic RSGs.
4. We applied the criteria developed in Chapter 4 for the identification of candidates to veiled
ERSGs to our samples. We found only one candidate in Perseus, but ∼ 30 in Scutum.
Further investigation is needed to confirm or dismiss them as ERSGs.
5. We estimated the SpTs of the observed targets, through the correlations calculated in
Chapter 4. The median differences between the SpTs automatically assigned to the SGs,
and previous classifications (visually assigned by us in the case of the Perseus sample, and
provided by the bibliography in the case of Scutum) is half a subtype in the case of Perseus
and one subtype for Scutum. Analysing the SpT distribution, we find, although this can
only be considered a preliminary result, that both samples have similar median SpTs (M2
for the Perseus samplee, and M2.5 for Scutum).
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Chapter 6
Conclusions and future work
6.1 Final conclusions
In this work we have studied the observational and physical properties of RSGs, analysing them
as a population. For this, we observed large homogeneous samples of CSGs in the CaT spectral
range, and, for some of them (the calibration sample), also in the optical range.
We have organised our work in three different blocks, and here we present the conclusions
for each one of them:
• We observed and studied a large sample of CSGs from both MCs (Chapter 3). We used
their optical range spectra to perform spectral and luminosity classifications. At the same
time, we measured the main spectral features in the CaT range. Because of the low
extinction and known distances for stars in this sample, we have used it as a calibration
sample, studying the behaviour of the spectral features measured with SpT and LC. We
have also studied its properties as a population, because it is one of the largest homogeneous
samples of CSGs ever observed in the MCs. This sample provided the tools to test some
of the most recent theories proposed for RSGs, but also to cast new perspectives on these
objects. In this block we obtained some results with major implications in the state of the
art for CSGs:
1. We analysed the relations of the spectral features measured in the CaT range with the
SpT and the Mbol. Those atomic features that shown a stronger correlation with Teff
in the synthetic spectra (the lines of Ti i), also present the strongest correlation with
SpT and the weakest with Mbol. Moreover, those that in the synthetic spectra depend
more clearly on luminosity (Fe i lines and the CaT itself) present much stronger
correlations with Mbol than with the SpT. Analysing the multi-epoch data for those
stars with SpT variation detected, we found that the Ti i index varies when SpT
changes. Both variations show a clear correlation, while the Fe i lines and the CaT
present little variability and no clear correlation with SpT changes. At the sight of
all these facts we find hard to accept the proposed idea that the SpT sequence does
not depend mainly on Teff, but on luminosity. To the contrary, we understand that
the correlations described indicate that the SpT sequence is mainly ruled by Teff.
2. We confirmed that, in a given galaxy, the more luminous CSGs tend to have later
SpTs, but this trend is only followed by mid- to high-luminosity CSGs (Ia and Iab).
The less luminous CSGs do not seem to have such behaviour. There are two possible
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interpretations for the trend: either more massive (and hence more luminous) stars
tend to display later spectral types, or all stars evolve to higher luminosity and lower
Teff after some time as RSGs. These two scenarios are not exclusive. In any case,
since changes in SpT seem to reflect real variations in Teff, the dependence of SpT on
luminosity is indirect.
3. The analysis of the multi-epoch data showed that SpT variations are more frequent,
and also have a greater amplitude in subtypes, in CSGs from galaxies with lower
metallicities. Moreover, this behaviour seems to be independent of the photometric
variations. This result was found before by Elias et al. (1985), but for smaller samples,
and we accept their interpretation: for a given change in colour, spectral variations
are less noticeable for late SpTs
4. The mass-loss rate was studied through the colour (KS−[W3]). We confirmed that for
a given luminosity, CSGs from a more metallic environment present higher mass-loss
rates (Bonanos et al. 2010). We found hints of a relation between SpT variations and
mass-loss, but this behaviour is present only for some CSGs. Further investigation is
required to reach stronger conclusions.
5. Our data confirmed the well known effect through which the lower the metal content
of a CSG population is, the earlier their typical SpTs are. In addition, we found that
in the SMC sample the SpT distribution is centred on subtype K1, which is earlier
than that found in previous works (K5 – K7), thanks to our unprecedented coverage
of G subtypes.
6. We have found that the distribution of SpTs in the LMC presents strong indications
of being bimodal, with a peak centred on K4 – K5 and the other at M2 – M3. The
first one is dominated by Iab SGs, and the second one by the Ia LC. The existence
of a minimum between both groups, at types M0 – M1, strongly suggests that this
difference is not simply a consequence of the relation between spectral type and
luminosity. In addition, these groups display significantly different mass-loss rates
(the difference is much larger than the difference between Ia and Iab CSGs in the
SMC). Given the analogy with the distribution of spectral types for RSGs in Milky
Way open clusters, we suggest that this difference is a consequence of two separate
evolutionary states. Following on this idea, it seems that stars reaching during their
evolution the conditions characteristic of the M0 – M1 subtypes suffer some kind of
instability that displaces them quickly towards later subtypes, changing their mass-
loss rates by about one order og magnitude. This effect may have some consequences
for the detectability of type II SN progenitors, since they could be more obscured
than present evolutionary models predict.
• In Chapter 4 we studied the MC samples, plus a small number of standards from the MW,
to obtain reliable criteria for an automated method to identify CSGs in large spectroscopic
surveys. We performed a PCA with measurements of the main features in the CaT region.
Then, we used the SVM method to stablish boundaries in the multidimensional space of
the PCs that could separate optimally the SGs from other stars. Finally, we studied the
quality of this method, and compared it with other classical methods. Our more important
findings are:
1. We analysed the efficiency (fraction of SGs identified as such) and the contamination
(fraction of those objects identified as SGs that are not really SGs) of the PCA/SVM
method, comparing its results to those obtained when classical criteria (the EW of
blend at 8468 A˚, the ratio between the Fe i 8514 A˚ and the Ti i 8518 A˚ lines, and the
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EW of the CaT) are applied to the same sample. We found that the worst efficiencies
are obtained for the blend, and when only the two strongest lines of the CaT are
used. The other classical methods present efficiencies statistically as high as the
PCA method (0.98 ± 0.04), but the PCA has the lowest contamination. Thus, our
method provides a tool to maximise the number of SGs found, while minimizing the
false identifications. These calculations were also done for a subsample formed by the
MW stars only, and we obtained similar results for the MW subsample (an efficiency
equal to 0.94± 0.13 and a contamination of 0.03± 0.13).
2. The boundaries calculated simply classify a given star as either a SG or a non-SG.
In addition, we also studied how to assign a given star the probability of being a SG,
and how this probability changes according to the method used. For this, we used a
Montecarlo process. We have proposed criteria to determine the ranges of probability
that will allow us to obtain a sample of SGS fully free of non-SGs and a sample with
an optimized low contamination.
3. The spectral range of the Gaia RVS does not cover the whole spectral range that we
used to perform the analysis, leaving out some of the main features (such as the most
prominent TiO bandheads) in the region. Thus, we calculated an alternative PCA
method by using only those features inside the Gaia spectral range. The results are
similarly good to those obtained for our whole spectral range.
4. We studied the relation of SpT with a few spectral features and PC2. The result is a
group of linear regressions that allow the estimation of the SpT of the SGs identified
in an automatized way.
• Finally, we applied the results obtained from the calibration sample to two different sur-
veys: one of the Perseus arm and the other of the Scutum-Crux arm. The net result is
the identification of a large number of new CSGs. We also tested the effectiveness of the
methods proposed in Chapter 4 when applied to large Galactic samples. Our conclusions
are:
1. The efficiencies for the two classical criteria considered (the EW of the CaT and the
ratio between the Fe i 8514 A˚ and the Ti i 8518 A˚ lines) are as high as those of the
PCA method, when only mid-to-high luminosity SGs are considered. However, for
low luminosity SGs (Ib) or mid-to-late M subtypes, the efficiencies decrease strongly.
The PCA method, through the use of the probabilities of being a SG, provides a
much lower contamination than the other criteria. Both efficiency and contamination
are as good as those obtained for the calibration sample.
2. Using the PCA method we identified 190 SGs in the Perseus sample and 377 in the
Scutum one. These CSGs form the largest coherent catalogue of CSGs observed
homogeneously in our Galaxy, increasing the census of known Galactic SGs dramat-
ically.
3. We estimated the SpTs for the SGs identified. The median difference between the
results obtained and the SpTs previously known for them is one subtype, the same as
the uncertainty obtained for the calibration sample. Analysing the SpT distribution
we found, as a preliminary result, that both samples have similar median SpTs (M2
for the Perseus one, and M2.5 for Scutum). However, the SpT distribution requires
a more detailed investigation, attending to the luminosity subclasses of the SGs.
In summary, in this work we have studied the largest coherent multi-environment sample
of CSGs to date, obtaining remarkable results in two main aspects. On the one hand, our
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work increases dramatically the number of CSGs known in the Local Universe, and especially
in the Milky Way. Moreover, we have derived a reliable method to perform such identifications,
opening the door to quick identifications in the upcoming large spectroscopic surveys. On the
other hand, we have used these large samples to study the properties of the CSG population
on an unprecedented scale. Comparing our results with the literature, we have presented an
extensive analysis of the state of the art in this field, obtaining a coherent scenario that explains
the observational properties analysed. We expect that this observational work will be useful to
the theoretical research groups, encouraging them to develop new, more accurate models.
6.2 Future work
The main goal of this work was to find reliable criteria to identify CSGs in large samples, and we
can consider this goal reached. This is not, however, the final goal of our investigation, but just
the first (and probably hardest) step. The CSGs that we have found in the Perseus and Scutum
arms form the largest homogeneous catalogues of this kind of objects in the Galaxy available.
Together they contain more CSGs than all those previously known in the Galaxy. There are
multiple topics that can be faced, and we intend to do so, with these catalogues. Firstly, the
spatial distribution, with the distance to individual stars estimated through the radial velocities
measured (and in the not so distant future, with accurate Gaia distances for many of them). In
the case of Scutum, this is especially useful because the heavy extinction prevents hot, early-
type high-mass stars from being observed. Thus, the RSGs are the only observable young stars,
and thus, critical indicators of high-mass stellar formation in that region. Moreover, we can
address an interesting question about RSG formation. High-mass stars are expected to be born
in massive clusters, but we find many RSGs spread over the whole region, away from any known
cluster. Therefore, the location of new RSG clusters and the ratio between those of our targets
associated to them and those without any neighbours is a topic that we should analyse. Finally,
the starburst in the Scutum-Cruz arm is believed to be caused by the dynamical interaction
with the tip of the Galactic bar (Negueruela et al. 2012). A detailed map of the star formation
and clusters in this region would allow a deeper investigation of this hypothesis.
Beyond the spacial distribution, these samples provide an invaluable source of information
about the RSG population in the Galaxy. With the samples obtained it is possible to study the
SpT distribution in the Galaxy with the same significance that we have achieved in the MCs.
However, a more detailed study will require the division of the SGs found according to their
luminosity subclass (Ia, Iab or Ib). In addition, to complete our samples it is necessary to find
the RSGs with types later than M5.
The multi-epoch nature of our AAOmega data (for the MCs and also for the Scutum sample)
opens the gates to a deeper study of the spectral variability. For the MCs we may extend it
towards lower luminosities, by studying the variations for a larger sample. For the Scutum
targets, the nature of their SpT changes has to be studied, also analysing the behaviour of the
spectral features, as we did in the MC sample.
Finally, in the near future new spectroscopic surveys covering the CaT region for thousands
of stars will be available, such as the Gaia RVS catalogue or the upcoming WEAVE/SCIP
survey of the Galactic Plane. The identification and analysis methods developed in this work
will have a direct application to these surveys. Thus, there will be a synergy between our data
and the information provided by them.
Appendix A
Stars used in this work for
calibration
A.1 Milky Way stars
Table A.1: Standard stars used for the visual spectral and luminosity classifications performed
over the samples from the MCs. See Chapter 2 for further details. The last column indicates
the catalogue from which the spectra were taken: the Indo-US spectral library (Valdes et al.
2004) or the MILES star catalogue (Sa´nchez-Bla´zquez et al. 2006).
HD number MK type Catalogue
020902 F5 Ib MILES
016901 G0 Ib MILES
074395 G1 Ib MILES
084441 G1 II MILES
223047 G3 Ib – II Indo – US
020123 G5 Ib – IIa Indo – US
077912 G7 IIa Indo – US
099648 G7.5 IIIa MILES
048329 G8 Ib Indo – US
202109 G8 II MILES
005516 G8- III Indo – US
221115 G8 IIIa Indo – US
216131 G8+ III Indo – US
221861 G9 Ib Indo – US
180711 G9 III Indo – US
016458 K0 Ba3: Indo – US
197912 K0 IIIa Indo – US
008512 K0 IIIb Indo – US
186648 K0+ III Indo – US
164349 K0.5 IIb MILES
063302 K1 Ia – Iab Indo – US
043232 K1 III: Indo – US
028292 K1 IIIb Indo – US
206778 K2 Ib – II MILES
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Table A.1: continued.
HD number MK type Catalogie
031767 K2 II MILES
031421 K2- IIIb Indo – US
143107 K2 IIIab Indo – US
169414 K2 IIIab Indo – US
081146 K2 IIIb Indo – US
012533 K2+ IIb Indo – US
004817 K2.5 Ib – II CN-1 Indo – US
083618 K2.5 III Indo – US
052005 K3 Ib MILES
156283 K3 II MILES
081797 K3 IIIa Indo – US
158899 K3.5 III Indo – US
131873 K4- III Indo – US
099167 K4 III Indo – US
200905 K4.5 Ib – II MILES
149161 K4.5 III Indo – US
113996 K5- III Indo – US
044537 K5 – M1 Iab – Ib Indo – US
029139 K5+ III Indo – US
080493 K6 III Indo – US
020797 M0 II Indo – US
189319 M0- III Indo – US
132933 M0.5 IIb MILES
146051 M0.5 III Indo – US
049331 M1 Ib – II MILES
042475 M0 – M1.5 Iab Indo – US
168720 M1 III Indo – US
039801 M1 – M2 Ia – ab Indo – US
042543 M1 – M2 Ia – Iab Indo – US
206936 M2- Ia Indo – US
036389 M Iab – Ib Indo – US
217906 M2.5 II – III Indo – US
040239 M3 IIb Indo – US
112142 M3- III Indo – US
120933 M3- IIIa Indo – US
167006 M3 III Indo – US
044478 M3 IIIab Indo – US
112300 M3+ III Indo – US
121130 M3.5 III MILES
175588 M4 II Indo – US
123657 M4.5 III Indo – US
172380 M4.5 – M5 II MILES
148783 M6- III Indo – US
196610 M6 III Indo – US
114961 M7 III: Indo – US
126327 M7.5 – M8 III Indo – US
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Table A.1: continued.
HD number MK type Catalogie
Table A.2: List of well-characterised stars from the Milky Way that we have used in this work.
This list includes MK standards from Keenan & McNeil (1989) (with LCs from I to III) and also
other well known CSGs. All the SpTs and LCs are taken from the literature. Some stars have
been observed more than once. Since these stars (even the MK standards) may present spectral
variability, we have treated the different measurements as different objects in our calculations.
Also note that the stars observed in Sept. and Oct. 2012 are considered from the same epoch,
as they were observed in the last days of September or the beginning of October.
Name MK RA DEC Classification Epoch
standard J2000 J2000
KN Cas no 00:09:36.3 +62:40:03.9 M1ep Ib Sep. 2012
MZ Cas no 00:21:24.2 +59:57:11.0 M2 Iab Sep. 2012
HD 236449 no 00:31:38.3 +60:15:19.2 K2.5 II – III Sep. 2012
HD 4817 no 00:51:16.4 +61:48:19.6 K2 Ib – II Sep. 2012
HS Cas no 01:08:19.9 +63:35:11.6 M4 Ia Sep. 2012
AW Psc yes 01:11:16.1 +30:38:06.0 M9 (III) Jun. 2012
BD +59 274 no 01:33:29.2 +60:38:47.8 M0.5 Ib – II Sep. 2012
BD +60 265 yes 01:33:35.1 +61:33:03.44 M1.5 Ib Jan. 2015
HD 236835 no 01:43:02.7 +56:30:46.1 M2 Ib Sep. 2012
V589 Cas no 01:46:05.4 +60:59:36.5 M3 Iab Sep. 2012
WX Cas no 01:54:03.7 +61:06:33.0 M2 Iab – Ib Sep. 2012
V778 Cas no 01:58:28.9 +59:16:08.6 M2 Iab Sep. 2012
BD +59 372 no 01:59:39.6 +60:15:01.8 K5 – M0 Ia Sep. 2012
XX Per no 02:03:09.3 +55:13:56.6 M4 Ib Sep. 2012
KK Per no 02:10:15.7 +56:33:32.7 M2 Iab – Ib Sep. 2012
HD 13658 no 02:15:13.3 +58:08:32.2 M1 Iab Sep. 2012
HD 13686 yes 02:15:56.6 +63:13:46.90 K2.5 Ib – II Jan. 2015
PP Per no 02:17:08.2 +58:31:46.9 M0 Iab – Ib Sep. 2012
BU Per no 02:18:53.2 +57:25:16.8 M4 Ib Sep. 2012
T Per no 02:19:21.8 +58:57:40.3 M2 Iab Sep. 2012
HD 14242 no 02:20:22.4 +59:40:16.8 M2 Iab Sep. 2012
AD Per no 02:20:29.0 +56:59:35.2 M3 Iab Sep. 2012
PR Per no 02:21:42.4 +57:51:46.0 M1- Iab – Ib Sep. 2012
SU Per yes 02:22:06.9 +56:36:14.9 M3 – M4 Iab Jun. 2012
V439 Per no 02:23:11.0 +57:11:57.9 M0 Iab Sep. 2012
HD 14580 no 02:23:24.0 +57:12:43.0 M0 Iab Sep. 2012
HD 14826 no 02:25:21.8 +57:26:14.0 M2 Iab Sep. 2012
YZ Per no 02:38:25.4 +57:02:46.2 M2 Iab Sep. 2012
GP Cas no 02:39:50.4 +59:35:51.3 M2 Iab Sep. 2012
HD 237006 no 02:49:08.8 +58:00:48.2 M1 Ib Sep. 2012
HD 237010 no 02:51:03.9 +57:51:19.8 M2 Iab Sep. 2012
HD 17958 no 02:56:24.6 +64:19:56.3 K3 Ib Sep. 2012
HD 18391 no 02:59:48.7 +57:39:47.6 G5 Ia – Ib Sep. 2012
BD +59 580 no 03:00:39.9 +59:57:59.6 M1 Ib Sep. 2012
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Table A.2: continued.
Name MK RA DEC Classification Epoch
standard J2000 J2000
V411 Per no 03:15:08.4 +54:53:03.0 M1 Iab Sep. 2012
BD +55 780 no 03:25:21.6 +55:33:10.1 K5 Ib Sep. 2012
HD 25725 yes 04:04:18.8 -15:43:30.5 M7+ II Sep. 2012
DG Eri yes 04:20:41.4 -16:49:47.9 M4 III Sep. 2012
HD 28487 yes 04:29:38.9 +05:09:51.4 M3.5 III Sep. 2012
CE Tau yes 05:32:12.8 +18:35:39.3 M2 Iab – Ib Sep. 2012
HD 39045 yes 05:51:25.8 +32:07:28.9 M3 III Sep. 2012
pi Aur yes 05:59:56.1 +45:56:12.3 M3 IIb Sep. 2012
VY Leo yes 10:56:01.4 +06:11:07.3 M5.5 III Jun. 2012
BK Vir yes 12:30:21.0 +04:24:59.2 M7- III Jun. 2012
TU Cvn yes 12:54:56.5 +47:11:48.2 M5- III – IIIa Jun. 2012
SW Vir yes 13:14:04.3 -02:48:25.1 M7 III Jun. 2012
BY Boo yes 14:07:55.7 +43:51:16.0 M4.5 III Jun. 2012
RX Boo yes 14:24:11.6 +25:42:13.4 M7.5 – M8 III Jun. 2012
RR Umi yes 14:57:35.0 +65:55:56.9 M4.5 III Jun. 2012
17 Ser yes 15:36:28.1 +15:06:05.1 M5 IIIa Jun. 2012
30 Her yes 16:28:38.5 +41:52:54.0 M6- III Jun. 2012
HD 151061 yes 16:45:11.4 -03:05:05.8 M5 – M5.5 IIIb: Jun. 2012
HR 6242 yes 16:47:19.7 +42:14:20.1 M4.5 III Jun. 2012
IRC +10313 yes 16:51:05.9 +10:20:51.6 M7 – M9III Jun. 2012
IRC +10322 yes 17:14:19.3 +08:56:02.6 M7 – M10III Jun. 2012
α Her yes 17:14:38.8 +14:23:25.2 M5 Ib – II Jun. 2012
MW Her yes 17:35:40.0 +15:35:12.2 M8 – M9 III Jun. 2012
HD 164349 yes 18:00:02.9 +16:45:22.26 K0.5 IIb May 2015
HD 167006 yes 18:11:54.1 +31:24:19.3 M3 III Sep. 2012
UY Sct yes 18:27:36.5 -12:27:58.9 M2 – M4 Ia Jun. 2012
HK Dra yes 18:34:30.8 +51:46:56.1 M4 III – IIIb Jun. and Sep. 2012
XY Lyr yes 18:38:06.4 +39:40:06.0 M4.5 – M5+ II Jun. and Sep. 2012
HD 175309 yes 18:54:28.9 +10:37:57.1 M5- – M5.5 (III) Sep. 2012
δ2 Lyr yes 18:54:30.2 +36:53:55.0 M4 II Jun. and Sep. 2012
UW AQL yes 18:57:33.5 +00:27:37.97 M2+ Iab May 2015
HD 179820 yes 19:13:54.4 +02:37:30.8 M6+ III Sep. 2012
HD 180809 yes 19:16:22.4 +38:08:25.84 K0 II May 2015
HD 181475 yes 19:20:48.5 -04:29:53.38 K7 IIa May 2015
HD 184313 yes 19:33:46.0 +05:27:56.5 M5 – M5.5III Sep. 2012
HD 185622 yes 19:39:25.6 +16:34:37.23 K4 Ib May 2015
HD 186776 yes 19:44:49.0 +40:43:00.5 M3.5 III Sep. 2012
HD 186791 yes 19:46:15.9 +10:37:05.82 K3 II May 2015
HD 190788 yes 20:05:50.3 +25:36:03.2 M3- Ib – II Sep. 2012
AC Dra yes 20:20:06.0 +68:52:49.1 M4.5 – M5 III Jun. and Sep. 2012
BI Cyg yes 20:21:21.8 +36:55:55.8 M2 – M4 I Jun. 2012
BC Cyg yes 20:21:38.5 +37:31:58.9 M4 I Jun. 2012
RW Cyg yes 20:28:50.5 +39:58:54.4 M3 – M4 Ia – Iab Jun. 2012
EU Del yes 20:37:54.7 +18:16:06.9 M6 III Jun. 2012
HD 196819 yes 20:38:17.2 +42:04:45.04 K2.5 IIb May 2015
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Table A.2: continued.
Name MK RA DEC Classification Epoch
standard J2000 J2000
DG Cyg yes 20:43:25.4 +43:11:50.7 M9 (III) Jun. 2012
HD 198026 yes 20:47:44.2 -05:01:39.7 M3 III Sep. 2012
HD 200527 yes 21:02:24.2 +44:47:27.5 M4.5 III Sep. 2012
HD 200905 yes 21:04:55.9 +43:56:00.17 K4.5 Ib – II May 2015
HD 201251 yes 21:06:35.9 +47:39:14.48 K4 Ib – IIa May 2015
HD 202380 yes 21:12:47.2 +60:05:52.8 M2 Ib Sep. 2012
NV Peg yes 21:28:59.7 +22:10:46.0 M4.5 IIIa Jun. and Sep. 2012
µ Cep yes 21:43:30.4 +58:46:48.2 M2- Ia Sep. 2012
HD 207328 no 21:46:16.6 +58:03:45.0 M3 IIIa Sep. 2012
EP Aqr yes 21:46:31.8 -02:12:45.9 M7- III Jun. and Sep. 2012
DZ Aqr yes 22:21:41.8 -07:36:30.1 M7- (III) Jun. 2012
RW Cep yes 22:23:06.8 +55:58:11.25 K2 0 – Ia Oct. 2012 and May 2015
HD 239978 yes 22:30:10.5 +57:00:26.11 M2 Ia – Iab May 2015
W Cep no 22:36:27.5 +58:25:34.0 K0ep Ia Sep. 2012
HR8621 yes 22:38:37.9 +56:47:44.3 M4+ III Jun. 2012
U Lac no 22:47:43.4 +55:09:30.3 M4 Iab Sep. 2012
MY Cep yes 22:54:31.7 +60:49:38.9 M7.5 I Jun. 2012
HD 217673 yes 23:01:30.4 +57:06:42.67 K1.5 II May 2015
GU Cep no 23:10:10.8 +61:14:29.6 M2 Iab Sep. 2012
SS And yes 23:11:30.0 +52:53:12.5 M7- II Jun. 2012
V356 Cep no 23:13:31.5 +60:30:18.7 M2 Iab Sep. 2012
HD 219978 yes 23:19:23.4 +62:44:48.23 K4.5 Ib May 2015
V358 Cas no 23:30:27.3 +57:58:33.4 M3 Ia – Iab Sep. 2012
PZ Cas no 23:44:03.3 +61:47:22.1 M3 Ia Sep. 2012
HD 223173 yes 23:47:01.5 +57:27:30.78 K3- IIb May 2015
TZ Cas no 23:52:56.2 +61:00:08.3 M3 Iab Sep. 2012
BD +63 2073 no 23:53:58.0 +64:15:02.7 M0 Ib Sep. 2012
ρ Cas no 23:54:23.0 +57:29:57.8 G2 0 Sep. 2012
XZ Psc yes 23:54:46.6 +00:06:33.5 M5 III Jun. 2012
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A.2 Magellanic Clouds





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A.2. MAGELLANIC CLOUDS 161
Table A.4: List of candidates to CSGs from GDN2015. Note that we have removed Carbon stars
and objects earlier than G0. We do not include the variability label or their epoch, because these
targets were observed only in one epoch: the SMC stars in 2012 and the LMC objects in 2013.
ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
LMC002 05:21:03.95 -69:27:24.05 268.84 M3 Ib -5.23 0.08
LMC006 05:22:09.85 -69:47:31.06 283.68 M2.5 II – III no no
LMC007 05:22:23.77 -69:22:52.11 268.16 K4.5 Iab – Ib -6.34 0.08
LMC008 05:22:43.66 -69:37:20.66 287.25 K5 Ib -6.18 0.08
LMC010 05:22:49.96 -69:48:54.64 26.9 K1.5 III no no
LMC011 05:22:59.86 -69:50:16.13 256.89 M3 Ib -4.75 0.08
LMC014 05:23:25.12 -69:25:35.53 269.4 K5 Ib -6.23 0.08
LMC015 05:23:26.68 -69:58:49.27 256.08 M6.5 Ib -6.05 0.08
LMC017 05:23:29.06 -68:55:34.41 256.38 M4 III no no
LMC020 05:23:47.94 -70:07:34.81 250.05 M2 Iab -6.25 0.08
LMC021 05:23:55.57 -68:54:36.34 280.51 K2 Ib -5.26 0.08
LMC022 05:23:56.27 -69:36:21.75 269.99 M2 Iab -6.45 0.08
LMC027 05:24:22.07 -69:14:49.40 264.96 M4.5 II – III no no
LMC030 05:24:43.42 -70:00:01.18 250.89 M2.5 Iab -6.73 0.08
LMC033 05:24:56.81 -69:41:17.50 273.1 M0 Iab -6.54 0.08
LMC034 05:25:20.06 -69:20:24.18 283.25 K2 Ib – II -4.56 0.08
LMC035 05:25:24.89 -69:51:45.12 261.68 G5 Iab -5.07 0.09
LMC036 05:25:38.49 -70:08:03.92 244.41 M3.5 II no no
LMC037 05:25:40.16 -69:41:00.25 260.75 M3 II no no
LMC039 05:25:48.56 -68:56:23.51 329.87 M1 Ia -6.65 0.08
LMC041 05:25:54.98 -69:18:24.37 264.01 M4 III no no
LMC042 05:25:55.76 -69:15:31.20 286.65 K3 Iab – Ib -5.72 0.08
LMC044 05:26:20.24 -69:30:12.36 273.74 K5 Iab – Ib -6.43 0.09
LMC045 05:26:23.54 -69:52:25.77 259.68 M3 Ia -8.26 0.10
LMC046 05:26:23.98 -69:58:22.83 268.66 M4.5 Iab -6.13 0.08
LMC047 05:26:33.92 -69:22:30.49 267.89 K4 Iab -6.30 0.08
LMC048 05:26:43.92 -69:46:58.93 267.95 K3.5 Ib – II -4.84 0.09
LMC049 05:26:44.75 -69:06:06.53 273.25 K4 Iab -7.08 0.08
LMC050 05:26:53.18 -69:58:23.60 249.39 K5.5 Iab -4.59 0.08
LMC051 05:27:03.40 -69:05:19.56 267.0 K4 Iab – Ib -6.34 0.08
LMC053 05:27:06.66 -69:44:40.09 267.8 M3 III no no
LMC054 05:27:10.24 -69:36:26.72 292.82 M6.5 III no no
LMC055 05:27:15.36 -69:33:42.42 297.79 K4 Ib -5.17 0.09
LMC056 05:27:17.15 -69:30:38.07 260.38 M2.5 III no no
LMC057 05:27:21.78 -69:26:22.72 42.67 K4 III no no
LMC058 05:27:22.11 -69:47:10.22 270.64 K3 Ib -5.34 0.08
LMC059 05:27:28.90 -69:22:07.51 39.06 K4 V no no
LMC060 05:27:38.60 -69:28:44.06 272.8 M1.5 Ia – Iab -7.33 0.08
LMC061 05:27:44.65 -69:47:51.47 260.47 M1.5 Iab -5.97 0.08
LMC063 05:27:51.72 -69:15:07.52 276.12 K0 Iab -5.90 0.08
LMC064 05:27:59.64 -69:34:51.30 264.17 M3 II no no
LMC065 05:28:02.18 -70:01:40.31 260.35 M4 II – III no no
LMC066 05:28:04.79 -69:03:56.78 275.59 G6 Iab -6.07 0.08
162 APPENDIX A. STARS USED IN THIS WORK FOR CALIBRATION
Table A.4: continued.
ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
LMC067 05:28:16.32 -70:15:02.06 271.43 M3 III no no
LMC068 05:28:17.61 -69:37:31.26 9.53 M2 V no no
LMC070 05:28:20.92 -69:03:25.44 261.53 M2 Iab -6.35 0.07
LMC074 05:28:36.71 -69:20:04.05 279.84 M8.5 II no no
LMC075 05:28:41.17 -70:07:15.58 238.91 K4.5 Iab -4.86 0.10
LMC076 05:28:41.18 -68:56:04.97 277.44 M2.5 Ib – II -6.87 0.08
LMC077 05:28:43.06 -69:05:46.04 22.99 K4 V no no
LMC078 05:28:49.69 -69:55:06.72 269.83 M2.5 III no no
LMC079 05:28:51.82 -70:00:44.52 252.67 M5.5 Ib -6.41 0.07
LMC080 05:28:53.07 -69:30:15.02 281.05 K1 Ib -5.14 0.08
LMC081 05:29:00.70 -69:26:44.06 271.71 K4.5 Ib -6.15 0.09
LMC082 05:29:01.23 -68:53:42.23 272.3 K4.5 Ib -6.65 0.09
LMC083 05:29:01.95 -69:17:37.57 275.19 M3 II no no
LMC084 05:29:04.16 -69:21:18.75 271.24 K0 Iab -5.58 0.09
LMC086 05:29:25.00 -69:56:26.12 262.2 M5 Iab – Ib -5.60 0.08
LMC087 05:29:28.96 -69:50:15.01 262.14 M4.5 Ib -5.16 0.11
LMC088 05:29:29.04 -68:51:40.37 278.42 K4 Ib -6.35 0.08
LMC089 05:29:29.10 -70:12:12.21 198.96 M1 III no no
LMC091 05:29:30.84 -68:47:58.72 267.27 K3 Ib -6.25 0.08
LMC092 05:29:34.32 -68:53:10.37 292.73 M2 Iab -6.35 0.08
LMC093 05:29:35.38 -68:30:45.51 271.01 M1.5 Iab -6.94 0.08
LMC094 05:29:40.31 -68:51:30.73 285.68 K5 Ib -6.07 0.08
LMC095 05:29:40.33 -70:15:36.80 20.26 K5.5 III no no
LMC096 05:29:46.18 -68:37:02.45 268.0 M2 Ia – Iab -6.76 0.08
LMC099 05:29:58.06 -69:41:37.49 266.78 M2.5 III no no
LMC100 05:30:00.77 -69:58:31.97 34.67 K2 III no no
LMC101 05:30:01.75 -69:28:37.77 288.9 M0 Ib -6.38 0.09
LMC102 05:30:10.45 -70:04:10.90 269.19 K5 Iab -5.98 0.09
LMC104 05:30:13.33 -68:40:37.46 55.11 K0.5 III no no
LMC105 05:30:15.22 -69:25:54.84 284.79 M4.5 II no no
LMC106 05:30:17.40 -70:18:14.65 260.91 M3.5 III no no
LMC110 05:30:33.69 -70:01:34.62 257.81 M5 Ib – II -5.96 0.08
LMC111 05:30:38.49 -69:00:52.98 273.62 K4.5 Iab – Ib -6.22 0.08
LMC112 05:30:49.49 -70:17:14.69 93.02 M2 II – III no no
LMC113 05:30:50.52 -69:09:17.94 113.7 K1 III no no
LMC114 05:30:52.13 -69:25:42.59 273.35 M3 Ia – Iab -6.45 0.09
LMC116 05:30:56.67 -69:27:04.05 267.11 K4 Iab – Ib -6.20 0.09
LMC117 05:31:01.46 -69:59:28.63 267.24 K4.5 Ib -5.03 0.08
LMC118 05:31:04.38 -69:47:47.52 278.79 M4 III no no
LMC120 05:31:18.36 -68:44:00.21 275.23 K4 Iab -7.01 0.08
LMC121 05:31:19.91 -70:01:54.56 264.76 M1 II no no
LMC122 05:31:24.27 -68:41:33.65 298.18 K4.5 Ib – II -6.85 0.08
LMC123 05:31:30.34 -69:47:12.77 252.21 M3.5 II – III no no
LMC124 05:31:30.82 -69:53:43.22 258.28 K4.5 Iab – Ib -6.12 0.09
LMC125 05:31:31.26 -69:10:28.50 274.91 K4 Iab – Ib -6.69 0.08
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Table A.4: continued.
ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
LMC127 05:31:33.40 -69:44:02.46 271.5 M2 Ib – II -5.16 0.10
LMC129 05:31:34.87 -69:02:19.06 268.65 M3.5 Ib -5.33 0.08
LMC135 05:31:51.38 -68:40:32.76 60.34 K1.5 III no no
LMC137 05:31:58.06 -69:13:53.42 278.28 K5.5 Ia – Iab -6.71 0.09
LMC138 05:31:58.91 -69:09:39.20 18.94 K3.5 III – IV no no
LMC140 05:32:02.13 -69:45:47.90 289.07 M0 Ia – Iab -6.89 0.09
LMC141 05:32:17.96 -69:15:03.74 275.7 K3 Iab – Ib -6.52 0.08
LMC143 05:32:20.55 -69:16:00.87 270.17 K5 Iab – Ib -6.81 0.08
LMC144 05:32:23.61 -69:40:21.77 283.58 M3 III no no
LMC147 05:32:32.69 -69:39:47.36 102.88 K2 III no no
LMC148 05:32:33.18 -69:56:10.91 250.34 M3.5 III no no
LMC150 05:32:44.50 -69:16:10.75 273.46 M4.5 Iab -6.16 0.08
LMC153 05:32:52.51 -69:45:53.15 259.89 M2 II no no
LMC154 05:32:55.52 -69:32:04.06 287.64 M3 Iab -5.41 0.08
LMC155 05:32:59.84 -69:18:21.63 271.52 K5 Iab – Ib -6.56 0.08
LMC156 05:33:00.19 -69:36:31.11 283.28 K5 Ib -6.65 0.08
LMC157 05:33:03.76 -69:19:41.11 267.11 M2 Iab -6.49 0.08
LMC159 05:33:11.46 -68:52:54.61 261.7 K4 Iab – Ib -6.27 0.09
LMC160 05:33:12.66 -70:00:41.53 31.08 K4.5 V no no
LMC162 05:33:19.74 -69:21:39.65 269.37 K3.5 Iab – Ib -6.00 0.08
LMC164 05:33:25.78 -68:59:57.69 289.23 K2 Iab – Ib -6.27 0.08
LMC167 05:33:39.34 -69:10:52.64 262.24 M2.5 Iab -6.45 0.08
LMC168 05:33:41.15 -69:18:56.70 269.77 M2 Iab -6.55 0.08
LMC169 05:33:42.74 -70:06:57.56 203.41 M3 Ia – Iab -7.10 0.08
LMC172 05:33:47.90 -70:23:02.19 256.42 M2 Iab – Ib -4.84 0.07
LMC174 05:33:52.87 -69:31:06.33 226.99 M4.5 Ib -4.50 0.09
LMC175 05:34:01.55 -68:51:42.92 286.22 K4 Iab – Ib -6.27 0.08
LMC176 05:34:05.93 -70:07:05.17 258.42 M1 Ib – II -4.58 0.08
LMC178 05:34:14.05 -68:58:43.92 296.12 M5 Ib – II -7.38 0.08
LMC179 05:34:18.36 -69:02:18.10 285.94 K3 Iab – Ib -6.21 0.08
LMC180 05:34:24.94 -69:23:36.66 289.81 K5 Ia – Iab -7.25 0.08
LMC182 05:34:28.19 -70:17:13.24 240.02 K4 Ib -5.39 0.08
LMC183 05:34:29.37 -69:07:54.72 271.11 K5 Iab – Ib -6.43 0.08
LMC184 05:34:30.14 -68:40:43.83 66.75 K4 II no no
LMC187 05:34:42.97 -69:12:27.23 284.81 K4.5 Iab -6.39 0.08
LMC189 05:34:49.97 -69:19:51.00 265.71 K2 Iab – Ib -5.98 0.08
LMC190 05:34:51.99 -70:15:46.64 7.32 K2.5 III no no
LMC191 05:34:52.02 -69:32:16.07 240.69 M4 III no no
LMC192 05:34:52.84 -69:41:58.45 262.55 M3.5 Ib -4.55 0.08
LMC193 05:34:53.67 -68:46:39.59 248.05 K3.5 II no no
LMC194 05:34:53.77 -69:08:02.08 268.58 G3 Ia -6.18 0.09
LMC195 05:34:59.80 -69:12:36.87 281.92 K4 Iab – Ib -6.33 0.08
LMC196 05:35:06.27 -69:44:56.26 266.39 M5.5 Iab -5.16 0.08
LMC197 05:35:18.08 -69:41:16.89 264.85 M3.5 II no no
LMC198 05:35:21.76 -69:13:39.75 267.19 K4 Iab -6.60 0.08
164 APPENDIX A. STARS USED IN THIS WORK FOR CALIBRATION
Table A.4: continued.
ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
LMC199 05:35:21.78 -69:42:46.71 273.45 M1.5 Ia – Iab -7.15 0.08
LMC200 05:35:22.25 -69:02:23.07 293.27 M0 Iab -6.70 0.08
LMC201 05:35:23.52 -69:56:50.95 251.86 M2 Ib – II -5.01 0.08
LMC202 05:35:26.31 -69:28:02.20 272.81 M3 Iab -7.06 0.10
LMC203 05:35:29.30 -69:43:53.37 265.21 K5 Ib -6.54 0.08
LMC204 05:35:31.42 -68:33:54.75 40.38 G8.5 III no no
LMC207 05:35:41.10 -69:11:59.63 263.29 M0 Ia – Iab -7.14 0.08
LMC208 05:35:43.10 -69:38:12.24 268.41 M3 II no no
LMC209 05:35:49.42 -69:04:55.45 292.36 K4 Iab -6.40 0.08
LMC210 05:35:49.96 -70:09:55.27 281.62 M3 III no no
LMC211 05:35:50.30 -69:37:08.00 273.79 M2 Iab -7.21 0.08
LMC212 05:35:54.67 -69:49:07.99 239.68 M4.5 II no no
LMC213 05:35:56.28 -69:17:50.78 277.17 M2.5 Ia – Iab -6.81 0.10
LMC215 05:36:04.57 -69:29:26.91 269.79 K4 Iab – Ib -6.07 0.08
LMC216 05:36:07.92 -69:12:33.06 281.98 K4 Iab – Ib -6.60 0.08
LMC217 05:36:09.79 -69:10:35.86 283.98 M3.5 Ia – Iab -6.83 0.08
LMC218 05:36:26.03 -69:19:29.14 285.24 M0.5 Iab -6.76 0.08
LMC219 05:36:28.87 -70:02:13.98 261.48 M0 II no no
LMC220 05:36:31.13 -69:50:07.53 281.5 M2 Ib – II -6.28 0.08
LMC222 05:36:41.66 -68:46:10.20 49.17 K2 III no no
LMC224 05:36:47.52 -69:10:10.37 285.96 K4 Iab – Ib -6.25 0.08
LMC225 05:36:48.18 -69:16:42.39 284.03 K5 Iab – Ib -6.22 0.08
LMC226 05:36:48.48 -69:14:35.42 284.84 K4.5 Ia – Iab -6.72 0.08
LMC228 05:36:55.63 -68:53:26.22 276.79 K4 Ib -6.04 0.08
LMC229 05:37:02.66 -70:03:33.88 16.45 M1 III no no
LMC230 05:37:13.51 -69:08:34.60 289.62 M3 Ia – Iab -6.96 0.08
LMC231 05:37:35.98 -69:12:29.82 287.57 K4 Iab – Ib -6.37 0.08
LMC232 05:37:47.46 -68:36:20.60 267.16 K4 Iab – Ib -6.64 0.08
LMC234 05:37:54.64 -69:09:03.27 260.27 K4.5 Iab – Ib -6.35 0.08
LMC236 05:38:06.56 -69:28:45.24 259.66 K5 Iab -6.57 0.08
LMC237 05:38:06.59 -69:03:45.22 261.72 K4 Iab – Ib -6.12 0.08
LMC239 05:38:17.01 -69:04:00.98 263.01 K4 Iab -6.57 0.09
LMC240 05:38:18.34 -69:51:31.19 21.98 M3.5 II no no
LMC241 05:38:20.23 -69:37:32.39 98.25 M6 III no no
LMC242 05:38:25.99 -69:22:43.49 270.6 K5 Iab – Ib -6.64 0.08
LMC243 05:38:26.71 -69:08:52.73 275.71 K5 Ia – Iab -6.90 0.08
LMC244 05:38:34.53 -69:34:39.63 270.68 M1 Ia – Iab -6.88 0.08
LMC245 05:38:42.52 -68:52:39.17 -35.95 K2 IV – V no no
LMC248 05:38:48.48 -69:05:32.58 257.81 M3.5 Ia -7.48 0.09
LMC249 05:38:49.33 -69:27:06.50 16.87 M0 III no no
LMC250 05:39:04.25 -69:36:03.92 252.2 M0.5 Iab -7.19 0.08
LMC252 05:39:32.34 -69:34:50.10 246.77 M0 Ia – Iab -8.21 0.08
LMC253 05:40:18.62 -69:38:20.84 -5.45 G8 II – III no no
LMC254 05:40:44.74 -68:56:28.15 25.85 K0 II – III no no
LMC255 05:40:48.74 -69:29:16.68 32.43 K1 III no no
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Table A.4: continued.
ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
LMC256 05:40:49.87 -69:22:45.52 264.56 M1 Iab -7.15 0.09
LMC257 05:40:53.37 -69:45:24.88 252.44 M1.5 Iab -6.38 0.07
LMC258 05:40:55.86 -69:41:36.37 253.25 K5.5 Iab -6.31 0.08
LMC259 05:41:05.20 -69:35:20.64 76.41 K1.5 III no no
LMC260 05:41:08.17 -69:55:45.94 240.31 K4.5 Iab – Ib -6.52 0.09
LMC261 05:41:13.71 -69:34:03.10 251.95 K4 Iab – Ib -6.38 0.08
LMC262 05:41:33.37 -69:47:40.51 240.12 M2 Iab -7.33 0.10
LMC263 05:42:07.08 -69:02:53.25 279.07 K2.5 Iab -6.15 0.08
LMC264 05:42:30.54 -69:48:57.41 266.17 M3.5 III no no
SMC001 00:31:25.06 -73:28:55.51 9.56 K1.5 III no no
SMC002 00:31:48.58 -73:37:26.73 128.93 K1 IV no no
SMC003 00:31:51.32 -73:20:28.60 36.56 K0.5 III no no
SMC004 00:32:01.60 -73:22:34.64 146.4 M3 Ia – Iab -6.11 0.08
SMC005 00:32:02.58 -73:10:42.45 35.26 G7 V no no
SMC006 00:32:34.12 -73:45:42.38 69.16 K3 V no no
SMC007 00:32:44.88 -73:17:07.88 48.33 K1 III no no
SMC008 00:33:18.09 -73:23:49.41 14.05 G8 II no no
SMC010 00:33:45.27 -73:59:34.65 26.7 G0 III – IV no no
SMC012 00:34:24.11 -73:09:34.47 8.35 G0 III – IV no no
SMC013 00:34:28.99 -72:56:44.39 4.65 K2 III no no
SMC014 00:34:34.34 -73:52:43.24 4.69 K3.5 V no no
SMC015 00:34:41.24 -73:49:00.41 18.67 M1 II – III no no
SMC016 00:34:57.28 -74:00:18.87 2.73 K1 IV no no
SMC017 00:35:15.77 -73:40:10.65 -5.65 K2 V no no
SMC018 00:35:57.40 -73:44:02.60 124.03 G8 Ib – II -5.57 0.09
SMC019 00:36:09.20 -73:43:14.94 113.38 K3 Ib -5.98 0.09
SMC020 00:36:14.76 -72:54:39.97 9.35 G8 V no no
SMC021 00:36:14.99 -72:47:34.41 7.53 K4 V no no
SMC023 00:36:40.61 -73:19:09.17 26.7 K0 IV no no
SMC024 00:36:47.53 -73:20:43.32 120.76 K2 Iab – Ib -6.85 0.08
SMC025 00:37:11.06 -74:07:48.27 40.96 K1.5 III no no
SMC026 00:37:13.26 -73:48:21.63 38.32 K1 IV – V no no
SMC027 00:37:59.51 -73:27:39.27 151.87 G7 Iab -5.70 0.08
SMC028 00:38:06.24 -73:46:48.19 112.9 G7 Iab -7.02 0.08
SMC029 00:38:07.40 -74:07:09.35 14.05 G2.5 V no no
SMC030 00:38:17.31 -73:54:01.27 172.56 K4 Ib -5.53 0.08
SMC031 00:38:19.57 -73:06:05.93 8.61 G7 V no no
SMC032 00:38:24.22 -74:10:19.52 10.03 M1 V no no
SMC033 00:38:44.27 -74:08:55.01 -57.29 G8 III no no
SMC034 00:39:17.89 -73:01:22.75 27.68 G7 V no no
SMC035 00:39:18.41 -73:49:49.35 14.88 G0.5 V no no
SMC036 00:39:50.68 -72:39:41.04 -6.87 K2.5 III no no
SMC037 00:40:09.36 -73:05:41.81 28.65 K1 IV no no
SMC038 00:40:19.82 -73:34:10.62 22.33 G0 III – IV no no
SMC039 00:40:26.71 -72:29:46.98 138.3 M1 Iab -5.20 0.09
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ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC040 00:40:28.37 -73:02:56.77 56.74 G2 V no no
SMC041 00:40:43.55 -72:53:53.49 -1.41 K1.5 III no no
SMC042 00:40:52.79 -74:15:04.50 -26.92 G8.5 III – IV no no
SMC043 00:40:52.85 -72:43:58.17 8.33 K0.5 III no no
SMC044 00:41:13.51 -73:53:51.33 18.52 K1.5 V no no
SMC045 00:41:39.77 -72:39:15.27 -11.03 K1 V no no
SMC046 00:41:43.58 -73:29:12.13 50.48 K2 IV no no
SMC048 00:42:01.53 -72:47:24.00 -34.23 M1 V no no
SMC049 00:42:01.93 -72:52:42.83 -0.59 K3 V no no
SMC050 00:42:01.92 -73:16:08.14 30.13 G6.5 V no no
SMC051 00:42:04.58 -72:34:10.68 97.92 K1 Iab -7.02 0.09
SMC052 00:42:10.76 -74:13:55.54 44.99 K3 V no no
SMC053 00:42:12.50 -74:23:24.46 14.89 M1.5 V no no
SMC055 00:42:23.63 -73:24:43.54 136.24 G8 Iab -5.66 0.08
SMC056 00:42:31.37 -72:49:18.62 36.95 G8.5 V no no
SMC057 00:42:48.03 -74:03:38.22 57.48 K2 III no no
SMC058 00:42:49.60 -73:38:08.45 -5.34 G8 IV no no
SMC059 00:42:52.23 -73:50:51.54 183.04 M5 II no no
SMC060 00:43:00.86 -73:32:46.25 -1.32 G1 V no no
SMC061 00:43:14.95 -73:37:06.43 -10.7 K1 III no no
SMC062 00:43:16.70 -73:49:50.18 177.49 K4.5 Ib – II -5.21 0.08
SMC063 00:43:20.87 -74:20:55.02 69.35 K5.5 V no no
SMC064 00:43:38.28 -73:02:06.89 -10.04 G6.5 V no no
SMC065 00:43:46.11 -73:28:40.46 117.49 K2 Iab – Ib -6.50 0.08
SMC066 00:43:58.63 -73:28:47.52 117.76 K0 Iab – Ib -5.60 0.08
SMC067 00:44:05.58 -72:39:10.69 -31.96 K2 V no no
SMC068 00:44:05.66 -72:45:58.01 -14.59 K1 III no no
SMC069 00:44:09.78 -73:25:46.57 52.74 K2.5 IV no no
SMC070 00:44:20.66 -73:46:08.06 31.44 M2 V no no
SMC071 00:44:23.69 -72:54:00.50 -1.86 K0 II – III no no
SMC073 00:44:31.04 -74:13:51.50 48.57 G2 II no no
SMC074 00:44:41.20 -73:20:43.18 34.43 G1 V no no
SMC075 00:44:48.71 -72:59:56.76 18.61 G0 III no no
SMC076 00:44:53.78 -73:37:07.06 26.36 G7 V no no
SMC077 00:44:59.99 -73:35:27.91 112.9 G7.5 Iab -5.51 0.09
SMC078 00:45:00.24 -73:10:06.64 38.14 K0 II – III no no
SMC079 00:45:03.16 -72:55:15.62 163.52 G8 Ib -6.09 0.09
SMC080 00:45:07.58 -73:58:10.14 184.74 G7 Iab – Ib -5.56 0.09
SMC081 00:45:11.81 -73:07:09.32 -15.9 G3 II – III no no
SMC083 00:45:17.01 -73:44:41.82 37.22 K4 V no no
SMC084 00:45:32.90 -72:55:41.85 147.75 M0 Ib -5.35 0.09
SMC085 00:45:35.78 -73:17:37.24 131.02 K0 Ib -5.67 0.09
SMC086 00:45:36.78 -73:08:45.23 130.28 K2 Ia – Iab -6.53 0.08
SMC087 00:45:54.07 -73:26:20.08 111.91 M4 Ib -5.92 0.08
SMC088 00:45:59.69 -72:45:48.95 164.15 K5.5 Iab – Ib -5.21 0.08
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ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC090 00:46:05.70 -73:12:34.32 139.37 M0 Ib -5.86 0.09
SMC091 00:46:16.61 -72:40:35.45 66.8 K4 Ia -7.21 0.08
SMC092 00:46:19.64 -73:19:31.42 150.47 K3 Iab -6.64 0.08
SMC093 00:46:24.05 -74:22:24.86 -37.59 K2 III no no
SMC095 00:46:28.26 -72:35:45.11 -6.63 K3 IV no no
SMC096 00:46:33.28 -73:26:18.35 157.51 K3 Ib -5.49 0.08
SMC097 00:46:35.96 -74:22:38.79 -2.2 G7 V no no
SMC098 00:46:39.56 -73:37:40.11 18.6 G8 IV – V no no
SMC099 00:46:41.68 -73:22:54.20 138.58 G7 Ia – Iab -5.64 0.09
SMC100 00:46:41.74 -73:01:15.97 19.0 K3.5 V no no
SMC103 00:46:48.79 -73:33:48.38 132.0 G5 Ib -6.97 0.10
SMC104 00:46:49.37 -73:12:06.88 121.27 K1 Ib -5.53 0.08
SMC106 00:46:56.38 -73:22:54.03 142.55 K1 Ia – Iab -6.64 0.09
SMC107 00:46:57.01 -73:06:18.23 139.79 K1 II no no
SMC108 00:47:00.84 -73:23:25.48 115.1 M3 Iab -6.60 0.07
SMC109 00:47:01.82 -73:03:20.88 195.46 M1 Iab – Ib -6.03 0.08
SMC111 00:47:06.86 -72:41:14.45 14.49 K3.5 III – IV no no
SMC112 00:47:07.68 -73:44:43.41 130.86 G8 Ib -6.00 0.09
SMC113 00:47:08.96 -73:28:54.99 158.6 K5 Ib -5.23 0.09
SMC114 00:47:12.94 -73:09:42.85 134.92 G8 Iab -6.73 0.08
SMC115 00:47:19.80 -73:10:40.75 136.87 K3 Iab -7.03 0.08
SMC116 00:47:20.00 -72:40:35.01 155.72 M3 Iab -5.85 0.09
SMC117 00:47:22.23 -73:13:45.95 -9.81 K0 III no no
SMC118 00:47:37.08 -74:05:32.23 43.94 G7 V no no
SMC121 00:47:53.48 -73:17:24.28 142.2 G8 Ib -5.65 0.08
SMC122 00:47:54.23 -73:46:27.18 -14.33 K1.5 IV no no
SMC123 00:48:00.60 -73:17:21.39 157.14 K1 Iab 81.60 407.04
SMC124 00:48:01.16 -73:23:13.42 126.5 G7 Ib -5.53 0.09
SMC126 00:48:02.28 -73:24:14.18 130.7 G8 Iab -5.51 0.09
SMC127 00:48:03.32 -73:39:15.99 73.35 G0 V no no
SMC128 00:48:04.27 -72:52:42.11 143.19 G7.5 Iab -6.28 0.08
SMC130 00:48:13.02 -73:05:40.19 141.48 K1 Iab – Ib -5.80 0.08
SMC131 00:48:14.75 -74:16:26.38 0.77 G8 III no no
SMC132 00:48:17.27 -73:51:25.37 129.91 K2 Ia – Iab -7.32 0.08
SMC135 00:48:27.64 -72:27:17.32 135.6 K4.5 Iab -7.33 0.09
SMC136 00:48:27.67 -73:47:21.86 22.94 G7.5 III no no
SMC137 00:48:33.29 -73:12:33.33 159.5 G5 Ia – Iab -5.46 0.09
SMC138 00:48:37.45 -73:13:06.35 139.87 K1 Iab -6.57 0.10
SMC139 00:48:39.50 -74:11:47.30 7.7 G5 V no no
SMC140 00:48:44.87 -73:20:19.13 10.33 K2 III – IV no no
SMC141 00:48:47.70 -73:04:56.85 38.38 G6 III no no
SMC142 00:48:49.97 -73:20:03.47 137.55 K2 Ia – Iab -6.81 0.08
SMC143 00:48:58.82 -73:06:14.80 146.08 M3 Ia -5.90 0.08
SMC144 00:49:03.66 -73:26:25.08 158.24 K1 Iab -6.77 0.09
SMC146 00:49:08.01 -72:17:46.28 33.2 K0 V no no
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ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC147 00:49:09.61 -72:19:01.89 -33.68 K0 III no no
SMC148 00:49:13.60 -73:51:15.29 34.28 G3 V no no
SMC149 00:49:21.39 -73:03:27.18 143.37 M2 Iab -5.52 0.08
SMC151 00:49:26.47 -73:04:35.51 157.91 G6.5 Ia – Iab -6.50 0.08
SMC152 00:49:27.48 -73:07:19.45 124.43 K3 Ib – II -5.23 0.09
SMC153 00:49:29.02 -74:02:39.63 35.33 G0 III no no
SMC154 00:49:33.84 -73:02:52.21 15.41 K4 V no no
SMC157 00:49:39.08 -73:12:01.75 120.64 K4 Iab -5.68 0.08
SMC158 00:49:46.81 -74:18:48.02 13.87 G7 V no no
SMC159 00:49:48.35 -72:07:49.80 21.84 K3.5 IV no no
SMC160 00:49:51.21 -73:19:59.49 144.4 K1.5 Iab -6.44 0.09
SMC161 00:49:53.46 -73:53:51.05 -16.64 K3.5 V no no
SMC162 00:49:55.75 -73:53:18.31 10.36 K2 V no no
SMC163 00:49:56.99 -73:28:25.60 167.44 G7 Iab -5.76 0.08
SMC164 00:49:57.37 -73:37:39.86 184.57 K4 Ia – Iab -7.32 0.09
SMC165 00:49:58.20 -72:40:20.81 30.01 G1 V no no
SMC168 00:50:13.38 -73:02:37.87 147.19 K0 Iab – Ib -5.47 0.10
SMC169 00:50:30.63 -72:51:30.01 147.17 M8.5 III no no
SMC170 00:50:34.14 -73:13:54.19 202.56 M3.5 Iab -5.48 0.08
SMC171 00:50:38.38 -73:19:36.17 170.88 K2 Ib -6.16 0.09
SMC172 00:50:41.36 -73:11:51.97 153.71 G7.5 Ia – Iab -6.29 0.09
SMC173 00:50:41.83 -72:19:22.30 6.02 G0.5 V no no
SMC174 00:50:42.60 -72:36:48.14 17.19 G7 IV no no
SMC175 00:50:44.54 -73:14:49.53 39.1 G4 V no no
SMC176 00:50:48.01 -73:04:17.77 145.15 K1 Iab -6.55 0.08
SMC177 00:50:49.33 -73:15:46.64 175.55 K0.5 Iab -6.40 0.08
SMC178 00:50:50.49 -72:39:27.86 159.98 G8 Iab – Ib -6.51 0.08
SMC179 00:50:52.05 -73:28:51.75 175.21 K0.5 Iab -6.65 0.09
SMC180 00:50:58.02 -73:17:08.60 173.97 G8 Iab – Ib -5.48 0.08
SMC181 00:50:58.26 -72:41:34.23 35.57 G0 V no no
SMC182 00:51:02.43 -72:54:25.74 53.55 K1 III no no
SMC183 00:51:06.75 -73:16:36.76 160.45 K1 Iab – Ib -6.02 0.10
SMC184 00:51:10.66 -72:36:37.68 143.12 G7.5 Iab – Ib -6.41 0.08
SMC185 00:51:13.66 -73:32:40.92 183.78 K3.5 Ia – Iab -6.20 0.08
SMC186 00:51:15.92 -73:34:14.36 179.74 M5 Ib – II -6.55 0.08
SMC187 00:51:17.87 -73:10:51.02 157.56 G7 Ib -5.65 0.09
SMC188 00:51:19.23 -74:05:53.40 -42.35 G3 V no no
SMC190 00:51:20.15 -72:52:04.43 111.69 K2 Iab -5.45 0.09
SMC191 00:51:21.84 -73:08:21.09 153.69 K3 Ib – II -5.78 218.21
SMC192 00:51:22.53 -72:27:30.09 41.52 G5.5 IV – V no no
SMC193 00:51:26.56 -72:40:44.02 31.56 K2.5 III – IV no no
SMC194 00:51:26.53 -73:19:42.13 165.46 K1 Ia – Iab -6.12 0.09
SMC196 00:51:31.24 -73:20:07.75 122.17 M3.5 Ib – II -6.56 0.08
SMC197 00:51:31.47 -73:10:51.41 134.08 K0 Iab -6.47 0.08
SMC198 00:51:32.80 -72:05:49.34 169.41 K0.5 Iab -6.96 0.08
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ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC199 00:51:34.45 -72:49:56.77 167.48 K3 Iab – Ib -6.14 0.08
SMC200 00:51:35.53 -72:19:58.14 36.75 K0 III no no
SMC201 00:51:36.58 -73:55:45.83 62.27 K0 III no no
SMC202 00:51:38.78 -72:58:20.43 163.43 G7 Iab -5.53 0.09
SMC205 00:51:50.13 -72:37:27.64 150.64 G6.5 Iab -6.75 0.09
SMC206 00:51:50.49 -71:59:24.16 157.12 K3.5 Iab -6.89 0.08
SMC207 00:51:55.20 -73:14:38.82 158.82 K0 Ib -5.51 0.08
SMC209 00:52:02.77 -72:58:23.46 144.76 K1 Iab -6.40 0.08
SMC210 00:52:04.69 -73:27:00.98 153.6 M3.5 Ib -5.57 0.08
SMC211 00:52:05.42 -72:43:13.24 156.25 K0.5 Iab -6.83 0.08
SMC212 00:52:05.88 -74:01:39.78 17.74 G1 V no no
SMC213 00:52:07.57 -72:55:25.15 97.88 K2 Ib -5.32 0.08
SMC214 00:52:12.05 -72:37:38.76 160.33 G5 Iab -5.80 0.08
SMC215 00:52:12.44 -73:24:55.95 145.56 G8.5 Ib -5.49 0.11
SMC216 00:52:13.42 -72:53:20.95 21.99 K0.5 III – IV no no
SMC217 00:52:14.02 -73:03:15.56 149.47 K2 Ib – II -5.36 0.09
SMC218 00:52:16.29 -72:03:56.73 -27.71 G5.5 V no no
SMC220 00:52:26.82 -74:00:23.35 31.3 G1.5 V no no
SMC221 00:52:28.23 -73:19:15.90 177.7 G7.5 Iab -6.87 0.08
SMC222 00:52:30.82 -73:02:58.06 55.06 K0 III no no
SMC223 00:52:37.73 -74:02:27.71 32.08 G0 IV – V no no
SMC224 00:52:38.26 -72:21:18.12 152.36 K2 Iab -7.16 0.09
SMC226 00:52:40.78 -73:18:34.97 115.57 G8 Iab -6.51 0.08
SMC227 00:52:41.42 -72:56:04.97 140.49 M2.5 Ia -5.37 0.08
SMC229 00:52:48.90 -74:12:41.10 10.2 G7 III no no
SMC230 00:52:52.19 -72:34:55.31 -12.33 G7 V no no
SMC231 00:52:52.98 -74:01:29.15 31.98 K1 III no no
SMC233 00:52:58.07 -72:36:31.74 120.48 M1 Iab – Ib -6.07 0.09
SMC235 00:52:59.07 -72:44:37.59 114.4 K3 Iab – Ib -5.52 0.08
SMC236 00:52:59.77 -73:26:31.07 156.59 G6 Iab -5.81 0.09
SMC237 00:53:05.50 -72:46:40.31 105.79 K3 Iab -6.17 0.08
SMC238 00:53:06.34 -73:06:33.28 -34.46 K5 II no no
SMC241 00:53:11.07 -72:57:03.83 5.12 K1 III – IV no no
SMC242 00:53:16.80 -72:41:52.22 157.08 K2 Ib -5.54 0.09
SMC243 00:53:17.69 -72:45:54.30 157.15 K0 Ib -6.54 0.09
SMC244 00:53:18.60 -72:42:07.43 165.85 K0.5 Iab – Ib -6.67 0.09
SMC245 00:53:19.64 -73:52:25.00 64.82 G8 V no no
SMC246 00:53:22.87 -72:11:47.19 166.4 G8 Ia – Iab -6.53 0.09
SMC247 00:53:23.80 -74:06:55.64 34.48 G7 V no no
SMC248 00:53:24.67 -72:11:48.70 163.33 K0 Iab – Ib -6.86 0.09
SMC249 00:53:26.50 -72:51:59.57 30.23 K1 III no no
SMC250 00:53:39.45 -72:52:39.17 140.33 M2 Iab -6.37 0.08
SMC251 00:53:39.66 -72:32:08.87 145.43 G7.5 Ia – Iab -6.75 0.08
SMC252 00:53:41.55 -72:15:27.08 155.18 K2.5 Iab -6.79 0.09
SMC253 00:53:55.37 -72:06:43.28 163.2 K0 Iab -6.71 0.08
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ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC255 00:54:09.55 -72:10:41.38 -2.9 K2 V no no
SMC256 00:54:13.08 -73:26:56.42 39.27 G0 V no no
SMC257 00:54:17.82 -73:22:53.95 34.09 K1 III – IV no no
SMC258 00:54:26.53 -71:52:16.49 54.5 G1 V no no
SMC259 00:54:29.32 -72:47:41.01 162.13 M4 Iab -5.73 0.09
SMC260 00:54:30.01 -73:04:21.56 143.9 K3 Iab -5.30 0.09
SMC261 00:54:31.82 -73:17:03.84 156.38 K0 Iab -6.70 0.09
SMC263 00:54:40.40 -73:13:40.71 158.07 M0 Ib -5.51 0.08
SMC264 00:54:43.61 -73:35:12.42 204.83 M0 Iab – Ib -5.18 0.08
SMC265 00:54:44.83 -73:25:11.03 38.32 K0.5 III no no
SMC267 00:54:50.85 -73:41:27.52 45.06 K1 III – IV no no
SMC268 00:54:55.75 -73:42:54.37 29.23 G1 V no no
SMC270 00:55:01.80 -72:06:50.01 11.72 G7.5 III no no
SMC271 00:55:07.05 -71:53:39.13 36.54 K4.5 III no no
SMC272 00:55:10.34 -74:01:49.45 153.22 K2 Ia – Iab -5.80 0.08
SMC273 00:55:17.12 -71:56:50.21 156.87 G7.5 Ia – Iab -7.19 0.08
SMC274 00:55:18.00 -72:05:32.04 137.69 M5.5 II – III no no
SMC275 00:55:20.19 -72:53:02.93 136.36 M1.5 Ib – II -5.22 0.08
SMC276 00:55:23.08 -72:57:11.83 -23.52 G2 V no no
SMC279 00:55:38.29 -73:18:25.14 157.97 G7 Iab – Ib -6.56 0.08
SMC280 00:55:38.46 -72:18:37.39 162.91 G7.5 Ia – Iab -6.68 0.08
SMC281 00:55:39.16 -73:08:50.61 181.15 K1 Ib -6.15 0.08
SMC282 00:55:51.23 -73:46:23.25 63.53 K2 III no no
SMC283 00:55:53.46 -73:18:26.98 0.08 M6 II – III no no
SMC285 00:56:11.82 -73:57:03.78 51.76 K2 III no no
SMC286 00:56:18.24 -72:38:39.63 162.36 K0.5 Iab -6.49 0.09
SMC287 00:56:19.06 -72:28:08.27 160.79 G8.5 Iab – Ib -6.42 0.08
SMC288 00:56:23.59 -72:52:53.32 59.77 G1 V no no
SMC291 00:56:47.55 -73:41:47.49 6.65 G1 V no no
SMC292 00:56:51.06 -73:04:21.04 1.21 G1 V no no
SMC294 00:57:06.79 -72:16:00.59 175.89 G8 Iab -6.60 0.08
SMC295 00:57:11.76 -71:53:30.84 44.87 G3 V no no
SMC296 00:57:12.36 -73:31:52.61 31.59 G7 V no no
SMC297 00:57:16.54 -73:06:13.10 193.06 M4 Iab – Ib -6.47 0.08
SMC298 00:57:36.84 -71:51:25.18 12.23 K1 IV no no
SMC299 00:57:38.06 -73:18:53.68 34.24 K1 IV no no
SMC300 00:57:40.63 -73:43:01.32 46.77 G8.5 II – III no no
SMC301 00:57:41.92 -73:02:19.47 167.27 M2.5 Ib -5.29 0.08
SMC302 00:57:55.72 -73:45:34.03 -6.29 G7.5 III – IV no no
SMC303 00:58:04.49 -73:03:30.52 31.27 G4 V no no
SMC304 00:58:05.23 -72:17:25.87 147.96 G8 Iab -6.55 0.08
SMC305 00:58:16.60 -72:04:15.02 -6.04 G4.5 V no no
SMC306 00:58:24.81 -72:14:12.70 151.07 G8.5 Iab – Ib -6.41 0.08
SMC307 00:58:32.41 -72:33:28.27 164.27 K1 Iab -6.62 0.08
SMC308 00:58:37.37 -73:15:35.92 50.47 G7 III no no
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ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC310 00:58:41.88 -73:35:25.20 33.37 K2 III – IV no no
SMC311 00:58:50.16 -72:18:35.74 163.33 M8 III no no
SMC312 00:58:50.91 -72:41:20.46 167.28 K1 Iab – Ib -6.37 0.08
SMC313 00:58:53.32 -72:08:35.40 97.64 G8 Iab – Ib -6.82 0.08
SMC314 00:58:54.52 -72:41:41.26 23.0 M0 V no no
SMC315 00:58:59.09 -73:38:38.55 2.45 G1 III – IV no no
SMC318 00:59:32.69 -73:22:54.00 11.62 G2.5 V no no
SMC319 00:59:42.01 -73:43:24.81 26.88 G2 V no no
SMC320 01:00:03.49 -71:57:40.91 151.34 G8.5 Iab – Ib -6.54 0.08
SMC321 01:00:18.97 -72:44:35.86 -11.76 G6 V no no
SMC322 01:00:25.27 -71:49:05.93 2.15 G1 IV no no
SMC323 01:00:32.36 -72:08:50.97 183.44 K0 Ib -6.41 0.10
SMC324 01:00:44.44 -71:59:38.96 149.83 K1 Iab -6.46 0.10
SMC325 01:00:56.07 -72:33:53.68 -2.98 G2.5 V no no
SMC326 01:01:19.45 -72:06:48.53 162.4 K1 Iab -6.77 0.08
SMC327 01:01:22.13 -72:02:03.32 -29.65 K2 III no no
SMC328 01:01:37.87 -71:54:16.16 20.09 K5 V no no
SMC329 01:01:38.44 -71:54:15.44 21.37 K5.5 V no no
SMC330 01:01:44.01 -73:31:47.58 189.3 K4 Ib -6.35 0.08
SMC331 01:01:48.25 -72:40:50.66 201.93 K3 Iab – Ib -6.61 0.08
SMC332 01:01:52.87 -72:25:44.40 164.92 K1 Iab – Ib -6.36 0.08
SMC333 01:01:59.62 -73:25:16.19 39.09 G5 V no no
SMC334 01:02:18.91 -72:02:34.08 180.04 G8.5 Iab -6.76 0.09
SMC335 01:02:21.07 -72:41:25.52 134.01 M3 Ia – Iab -5.97 0.09
SMC336 01:02:26.50 -72:02:28.40 31.46 G0 V no no
SMC337 01:02:30.88 -72:23:57.92 9.23 G8 II no no
SMC338 01:02:33.88 -73:15:28.81 -0.09 G7 V no no
SMC339 01:02:34.43 -72:02:57.98 184.3 G8.5 Iab -6.71 0.08
SMC340 01:02:37.93 -72:35:54.66 173.72 G8 Iab -6.49 0.09
SMC341 01:02:39.53 -73:18:01.74 306.99 K1.5 II no no
SMC342 01:02:40.74 -72:17:17.33 173.45 K0.5 Iab -6.61 0.09
SMC343 01:02:42.79 -73:31:56.15 1.62 G1 V no no
SMC344 01:02:53.46 -72:13:14.48 30.77 G7.5 III no no
SMC345 01:02:59.90 -72:32:45.43 10.97 K1 IV no no
SMC347 01:03:08.89 -72:44:55.66 9.09 M0 V no no
SMC348 01:03:14.17 -72:21:59.10 7.68 G7 IV no no
SMC349 01:03:33.60 -72:03:02.26 173.93 K2 Ia – Iab -7.51 0.08
SMC350 01:03:35.96 -71:52:18.00 35.59 G5 IV no no
SMC351 01:03:37.31 -71:58:44.94 171.44 K0.5 Ia – Iab -6.77 0.08
SMC352 01:03:45.34 -72:07:49.09 181.77 K1 Iab -6.73 0.09
SMC353 01:03:47.97 -73:38:35.23 43.01 K0 III no no
SMC354 01:03:53.85 -72:45:15.05 196.01 G1 Ib -8.37 0.10
SMC355 01:03:58.15 -72:49:56.77 192.92 K2 Iab – Ib -6.52 0.09
SMC356 01:03:58.84 -73:27:44.87 10.46 K0.5 III no no
SMC357 01:04:01.67 -72:08:25.43 4.54 K4.5 III – IV no no
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Table A.4: continued.
ID RA DEC Vhel SpT LC Mbol ±∆Mbol
J2000 J2000 km s−1 (mag) (mag)
SMC358 01:04:06.85 -72:03:55.57 188.08 K1.5 Ia – Iab -6.77 0.08
SMC360 01:04:12.55 -71:59:13.80 182.14 K2 Iab -6.65 0.08
SMC361 01:04:13.22 -73:19:05.63 40.36 G1 V no no
SMC362 01:04:20.97 -72:15:09.72 5.88 G8 III no no
SMC363 01:04:23.19 -72:13:19.64 25.77 K2 III – IV no no
SMC365 01:04:25.27 -72:31:18.74 35.81 K0.5 III no no
SMC366 01:04:26.60 -72:34:40.12 158.07 M4 Ib – II -6.64 0.08
SMC367 01:04:32.18 -72:11:13.41 158.71 K0 Iab – Ib -6.49 0.08
SMC368 01:04:33.89 -72:36:17.60 9.81 G4 V no no
SMC371 01:04:56.38 -72:02:37.30 182.99 G5 Iab -6.58 0.09
SMC372 01:04:59.04 -72:08:50.25 6.96 K1 III no no
SMC373 01:05:02.32 -72:55:32.57 201.8 K0 Iab -6.68 0.08
SMC375 01:05:27.40 -72:17:04.34 175.62 K0 Ia – Iab -6.72 0.09
SMC376 01:05:28.98 -72:40:21.55 163.58 G3 Iab -6.86 0.09
SMC377 01:05:37.16 -73:20:48.87 40.08 G0.5 V no no
SMC378 01:05:50.28 -71:58:02.36 51.01 K5 V no no
SMC379 01:06:01.82 -72:17:25.21 -7.67 G8 IV no no
SMC380 01:06:51.30 -72:55:53.19 55.16 K0 III no no
SMC381 01:07:02.21 -72:37:20.80 150.45 M1 Iab -6.21 0.09
SMC382 01:07:02.31 -72:35:34.31 214.91 G8 Iab -6.35 0.09
SMC383 01:07:07.19 -73:36:24.77 60.23 K1 V no no
SMC384 01:07:08.43 -72:30:45.76 44.58 K0.5 III – IV no no
SMC385 01:07:15.51 -72:38:13.01 9.69 K2.5 III – IV no no
SMC386 01:07:27.39 -73:12:10.34 5.49 K3.5 IV no no
SMC388 01:07:34.92 -73:24:30.30 21.74 K2 III no no
SMC389 01:07:35.85 -72:13:42.60 4.53 K4 III – IV no no
SMC390 01:07:39.55 -72:26:45.41 151.66 K5.5 Iab -7.42 0.09
SMC391 01:07:43.09 -72:12:15.34 -55.21 K2 III no no
SMC392 01:07:48.50 -73:24:56.70 -9.1 G3 II – III no no
SMC393 01:07:52.55 -72:10:42.07 142.79 K5 Ia – Iab -7.80 0.08
SMC394 01:08:06.79 -73:00:47.87 41.21 G5.5 IV no no
SMC395 01:08:25.82 -72:54:31.35 -5.22 G2 V no no
SMC396 01:08:43.10 -72:07:34.42 15.92 K3 V no no
SMC398 01:09:17.90 -72:45:42.13 152.07 K2 Iab – Ib -6.66 0.08
SMC399 01:09:35.04 -72:11:45.65 10.95 G5.5 V no no
SMC400 01:09:38.18 -73:20:02.26 199.79 M4 Iab -8.45 0.11
SMC401 01:10:03.87 -72:36:52.62 150.15 M5 II – III no no
SMC402 01:10:36.62 -72:18:02.67 31.04 G1 V no no
SMC403 01:10:53.77 -72:35:17.31 -1.05 G7.5 II no no
SMC404 01:10:57.75 -73:05:13.74 3.64 M0 V no no
SMC405 01:10:58.47 -72:48:34.51 36.09 K3.5 III no no
SMC406 01:11:15.78 -73:10:50.09 29.19 K0.5 III – IV no no
Appendix B
Spectral feature measurements and
derived parameters
B.1 Measured lines and bandheads
Table B.1: Atomic lines measured. The EWs were done over the measure range indicated, using
the pseudocontinua calculated through the linear regression of the data from ”pseudocontinuum
ranges”. The nature of those species marked with a ”?” is likely, but we are not sure about
them. In references we are indicating the work from we have taken the chemical species of the
line. List of references: (1) - Solf (1978); (2) - Kirkpatrick et al. (1991); (3) - Ginestet et al.
(1994); (4) - Carquillat et al. (1997); (5) - Munari & Tomasella (1999); (6) - Kupka et al. (2000).
Atomic Lines Range of EW Pseudocontinuum ranges (A˚)
measurement (A˚)
Wavelength Chemical Lower Upper At Blue At Red Ref.
(A˚) species limit limit
8468 (a)s Ti i+Fe i+CN 8462.2 8474.3 8451.6-8452.6 8474.4-8475.4 (3)
8468 (b)s Ti i+Fe i+CN 8462.2 8474.3 8448.3-8449.3 8474.4-8475.4 (3)
8498.0i s g Ca ii 8492.5 8503.5 8489.2-8490.4 8507.6-8509.6 (1)
8514.1i s g Fe i 8512.5 8516.3 8507.6-8509.6 8557.5-8559.0 (4)
8518.1i s g Ti i 8516.8 8519.8 8507.6-8509.6 8557.5-8559.0 (4)
8542.0i s g Ca ii 8532.0 8553.0 8507.6-8509.6 8557.5-8559.0 (1)
8582.0i s g Fe i 8581.0 8583.7 8579.5-8580.8 8600.0-8602.0 (4)
8611.0i s g Fe i 8610.9 8612.7 8600.0-8602.0 8619.6-8620.6 (4)
8621.5 Fe i 8620.6 8622.3 8619.6-8620.6 8634.5-8640.4 (4)
8623.0 Ti i ? 8622.3 8623.9 8619.6-8620.6 8634.5-8640.4 (6)
8641.6 Ti i ? 8640.6 8642.3 8634.5-8640.4 8684.4-8686.0 (6)
8643.0 Cr i ? 8642.3 8643.9 8634.5-8640.4 8684.4-8686.0 (6)
8662.0i s g Ca ii 8651.0 8673.0 8634.5-8640.4 8684.4-8686.0 (1)
8675.0s g Fe i+Ti i 8673.3 8676.6 8634.5-8640.4 8684.4-8686.0 (5)
8679.4i s g Fe i 8676.9 8681.1 8634.5-8640.4 8684.4-8686.0 (3)
8683.0i s g Ti i 8681.6 8684.2 8634.5-8640.4 8684.4-8686.0 (3)
Notes. (s) used in the shortened input list (g) used in the Gaia input list
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Table B.1: continued.
Atomic Lines Range of EW Pseudocontinuum ranges (A˚)
measurement (A˚)
Wavelength Chemical Lower Upper At Blue At Red Ref.
(A˚) species limit limit
8688.5i s g Fe i 8687.3 8690.6 8684.4-8686.0 8695.5-8698.0 (4)
8692.0i s g Ti i 8691.0 8693.0 8684.4-8686.0 8695.5-8698.0 (5)
8699.1s g Mn i 8698.0 8700.2 8695.5-8698.0 8704.2-8706.3 (6)
8702.3 Ce ii ? 8701.1 8704.2 8695.5-8698.0 8704.2-8706.3 (6)
8710.2i s g Fe i 8708.5 8711.3 8704.2-8706.3 8714.5-8715.5 (2)
8712.8i s g Fe i 8711.3 8714.5 8704.2-8706.3 8714.5-8715.5 (2)
8717.5 Fe i+Mn i ? 8716.9 8719.2 8714.5-8715.5 8721.7,8723.4 (6)
8729.0s g Fe i+Si i 8727.2 8729.8 8721.7-8723.4 8731.7-8733.8 (3)
8730.5i s g Ti i 8729.8 8731.7 8721.7-8723.4 8731.7-8733.8 (6)
8734.5i s Ti i 8733.5 8735.5 8731.7-8733.8 8753.5-8755.6 (3)
8736.0s Mg i 8735.5 8737.0 8731.7-8733.8 8753.5-8755.6 (5)
8740.7s Mn i 8739.6 8741.5 8731.7,8733.8 8753.5-8755.6 (5)
8742.2s Si i 8741.5 8743.0 8731.7,8733.8 8753.5-8755.6 (5)
8747.4 Fe i ? 8746.3 8748.4 8731.7,8733.8 8753.5-8755.6 (6)
8751.7s Fe i+Ti i+Si i 8749.7 8753.5 8731.7,8733.8 8753.5-8755.6 (6)
8757.0i s Fe i 8755.6 8758.8 8753.5-8755.6 8758.8-8761.0 (2)
8764.0s Fe i 8762.5 8765.0 8758.8-8761.0 8775.0-8777.0 (2)
8766.0 Fe ii ? 8765.2 8767.6 8758.8-8761.0 8775.0-8777.0 (6)
8772.7 Al i+Cr i ? 8771.5 8773.2 8758.8-8761.0 8775.0-8777.0 (6)
8773.7 Al i+Cr i ? 8773.2 8775.0 8758.8-8761.0 8775.0-8777.0 (6)
8778.8 Ti i ? 8777.3 8780.0 8775.0-8777.0 8786.0-8788.5 (6)
8784.5 Fe i ? 8783.4 8785.9 8775.0-8777.0 8786.0-8788.5 (6)
8790.2 Si i ? 8788.9 8791.5 8786.0-8788.5 8810.0-8812.0 (6)
8793.2i s Fe i 8791.5 8794.2 8786.0-8788.5 8810.0-8812.0 (2)
8796.5 Fe i+Cr i ? 8794.9 8797.3 8786.0-8788.5 8810.0-8812.0 (6)
8800.4 Y i 8799.0 8802.0 8786.0-8788.5 8810.0-8812.0 (6)
8805.0i s Fe i 8803.3 8805.6 8786.0-8788.5 8810.0-8812.0 (2)
8807.0s Mg i 8805.6 8808.7 8786.0-8788.5 8810.0-8812.0 (2)
8824i s Fe i 8823.2 8825.5 8810.0-8812.0 8828.5-8830.5 (2)
8835.9 Y ii ? 8834.3 8837.5 8828.5-8830.5 8850.0-8854.0 (6)
8838i s Fe i 8837.5 8840.0 8828.5-8830.5 8850.0-8854.0 (2)
Notes. (s) used in the shortened input list of Chapter 4 (g) used in the Gaia input list of Chapter 4
(i) used for the indices explained in Chapter 3
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Table B.2: Molecular bandheads measured. For the details about the method see the text. Those
species marked with ”?” are probable, but we are not sure because we did not find confirmation
in the bibliography.
Molecular Band Measure Ranges (A˚)
Bandhead Chemical Pseudo-continuum Range for bandhead Reference
centre (A˚) species range (A˚) bottom (A˚)
8504.5s g TiO 8500.0-8503.5 8504.5-8505.75 Solf (1978)
8569.2s g TiO 8562.5-8568.5 8569.20-8570.45 Carrera et al. (2007)
8624.25 VO 8605.0-8620.0 8624.25-8625.5 Solf (1978)
8859.0s TiO 8850-8858.5 8859.0-8860.5 Valenti et al. (1998)
Notes. (s) used in the shortened input list (g) used in the Gaia input list
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B.2 PCA coefficients calculated
Table B.3: Coefficients for the PCs 1 to 4 calculated from the shortened data input.
Line or Bandhead PC1 PC2 PC3 PC4
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8468 -0.38 0.01 -0.37 0.03 -0.13 0.05 -0.34 0.08
EW 8498 -0.304 0.007 0.168 0.008 0.16 0.02 -0.08 0.07
EW 8542 -0.144 0.003 0.099 0.005 0.11 0.01 -0.04 0.04
EW 8582 -2.00 0.04 0.77 0.06 1.1 0.1 0.7 0.2
EW 8611 -2.06 0.04 0.29 0.06 2.2 0.2 -0.8 0.3
EW 8662 -0.188 0.005 0.045 0.005 0.14 0.02 -0.13 0.03
EW 8675 -1.01 0.02 -0.47 0.03 0.68 0.05 0.08 0.08
EW 8710.2 -3.50 0.1 2.0 0.2 -3.5 0.4 -1.3 0.6
EW 8712.8 -2.37 0.05 0.69 0.06 -1.0 0.2 1.1 0.3
EW 8730.5 -4.1 0.1 -0.8 0.2 -1.4 0.4 2.0 1.0
EW 8807.0 -1.39 0.05 0.44 0.05 -0.8 0.3 1.7 0.5
EW 8757 -1.82 0.04 -0.54 0.06 1.0 0.2 -0.8 0.6
EW 8764 -2.2 0.1 -1.4 0.2 -3.5 0.5 0.0 2.0
EW 8793.2 -2.83 0.1 2.4 0.1 0.9 0.3 -0.6 1.0
EW 8824 -1.09 0.02 -0.56 0.04 0.6 0.1 -0.6 0.4
EW 8838 -1.16 0.02 -0.75 0.04 1.4 0.1 -0.8 0.2
EW 8514.1 -0.93 0.02 0.12 0.02 0.55 0.04 0.06 0.07
EW 8518.1 -1.36 0.03 -1.65 0.08 -1.1 0.2 2.1 0.4
EW 8679.4 -1.87 0.04 -0.57 0.09 -1.7 0.2 -1.6 0.5
EW 8683.0 -1.18 0.02 -1.26 0.05 -0.17 0.09 0.5 0.3
EW 8688.5 -0.94 0.02 -0.27 0.02 0.42 0.05 0.1 0.1
EW 8692.0 -1.66 0.04 -2.50 0.09 0.4 0.2 2.1 0.5
EW 8734.5 -1.69 0.05 -3.3 0.1 -0.6 0.2 1.4 0.4
EW 8736.0 -2.4 0.2 6.4 0.2 -12.0 1.0 6.0 1.0
EW 8805.0 -2.08 0.05 -0.85 0.06 0.8 0.1 -0.1 0.4
EW 8699.1 -3.12 0.07 0.97 0.09 1.1 0.3 1.9 0.4
EW 8729.0 -2.70 0.06 2.8 0.1 -2.4 0.2 -1.5 0.4
EW 8740.7 -4.0 0.1 -2.3 0.3 -12.0 0.9 5.0 2.0
EW 8742.2 -3.2 0.2 9.9 0.5 -7.5 1.0 -12.0 2.0
EW 8751.7 -1.5 0.1 2.0 0.1 -2.5 0.4 -5.0 0.8
Bandhead 8504.5a 1.08 0.08 -5.7 0.3 -2.0 0.4 -3.7 0.7
Bandhead 8569.2a 1.9 0.2 -9.6 0.5 -3.8 0.7 -6.0 1.0
Bandhead 8859a 0.14 0.07 -2.8 0.1 -1.1 0.2 -1.7 0.2
Notes. (a) The coefficients for this variable are dimensionless.
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Table B.4: Coefficients for the PCs 5 to 8 calculated from the shortened data input.
Line or Bandhead PC5 PC6 PC7 PC8
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8468 -0.2 0.1 -0.15 0.1 -0.7 0.3 -0.1 0.1
EW 8498 -0.19 0.07 0.0 0.1 0.1 0.2 0.2 0.3
EW 8542 -0.10 0.05 0.07 0.1 -0.00 0.09 0.1 0.2
EW 8582 -0.0 0.3 -0.1 0.4 -2.4 0.8 -0.5 0.9
EW 8611 0.8 0.4 -0.0 0.4 -0.6 0.5 -0.3 0.6
EW 8662 -0.09 0.03 -0.02 0.04 0.10 0.1 0.1 0.2
EW 8675 -0.1 0.1 -0.1 0.2 0.5 0.3 0.3 0.3
EW 8710.2 -0.0 2.0 -4.0 4.0 -1.0 4.0 -3.0 6.0
EW 8712.8 -0.8 0.4 0.1 0.4 0.0 1.0 -1.0 2.0
EW 8730.5 -5.0 3.0 6.0 7.0 -4.0 6.0 -4.0 9.0
EW 8807.0 1.0 1.0 -2.0 2.0 -0.4 0.6 0.1 0.7
EW 8757 2.4 1.0 2.0 2.0 0.5 0.4 0.3 0.6
EW 8764 10.0 3.0 6.0 6.0 -1.0 2.0 -1.0 3.0
EW 8793.2 2.0 2.0 -6.0 6.0 -2.0 2.0 -0.0 1.0
EW 8824 1.4 0.5 -0.1 0.6 0.3 0.3 0.1 0.5
EW 8838 0.5 0.3 0.4 0.4 0.2 0.5 0.2 0.9
EW 8514.1 0.08 0.07 0.1 0.2 -0.4 0.2 -0.1 0.2
EW 8518.1 -0.8 0.6 -0.0 0.6 -1.9 0.8 -0.3 0.6
EW 8679.4 -1.7 0.6 -0.6 0.9 2.0 1.0 1.0 2.0
EW 8683.0 -1.0 0.4 0.1 0.4 1.2 0.4 0.2 0.4
EW 8688.5 0.3 0.2 -0.3 0.4 0.6 0.2 0.1 0.2
EW 8692.0 -1.5 0.9 0.3 0.8 2.8 0.9 0.0 1.0
EW 8734.5 -0.9 0.6 0.2 0.5 2.5 0.8 1.0 1.0
EW 8736.0 4.0 2.0 -3.0 5.0 9.0 4.0 4.0 7.0
EW 8805.0 0.8 0.7 -2.0 2.0 -1.4 0.8 -0.5 0.8
EW 8699.1 0.3 1.0 -1.0 2.0 3.0 3.0 0.0 2.0
EW 8729.0 -0.6 0.7 0.4 0.9 1.0 2.0 -2.0 4.0
EW 8740.7 -3.0 2.0 2.0 4.0 -8.0 5.0 1.0 9.0
EW 8742.2 4.0 4.0 3.0 4.0 3.0 3.0 2.0 5.0
EW 8751.7 -3.0 1.0 -0.0 1.0 -0.0 1.0 0.0 1.0
Bandhead 8504.5a 1.0 1.0 -1.0 1.0 0.2 0.6 0.0 0.9
Bandhead 8569.2a 2.0 3.0 -5.0 6.0 2.0 2.0 1.0 2.0
Bandhead 8859a -0.1 0.6 -0.9 0.9 -0.2 0.5 -0.5 0.8
Notes. (a) The coefficients for this variable are dimensionless.
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Table B.5: Coefficients for the PCs 9 to 12 calculated from the shortened data input.
Line or Bandhead PC9 PC10 PC11 PC12
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8468 -0.10 0.09 -0.2 0.1 -0.4 0.3 -0.5 0.4
EW 8498 0.0 0.1 -0.02 0.08 0.0 0.1 0.0 0.2
EW 8542 0.01 0.07 -0.00 0.04 -0.02 0.08 0.1 0.2
EW 8582 0.0 1.0 0.0 1.0 -2.0 1.0 0.0 1.0
EW 8611 0.0 1.0 1.0 1.0 -1.0 1.0 0.0 1.0
EW 8662 0.0 0.1 -0.03 0.07 -0.03 0.07 0.01 0.09
EW 8675 0.1 0.2 0.1 0.4 -0.4 0.3 -0.1 0.2
EW 8710.2 -5.0 9.0 -0.0 4.0 7.0 4.0 2.0 4.0
EW 8712.8 -1.0 2.0 0.3 0.9 1.1 0.9 1.0 1.0
EW 8730.5 0.0 4.0 -0.0 3.0 -0.0 3.0 1.0 3.0
EW 8807.0 -0.0 1.0 -1.0 1.0 -0.3 0.9 0.0 1.0
EW 8757 0.2 0.7 -0.1 0.7 1.2 0.7 0.8 0.8
EW 8764 -3.0 3.0 -3.0 2.0 -1.0 1.0 -1.0 2.0
EW 8793.2 2.0 3.0 1.0 3.0 -0.0 3.0 -2.0 5.0
EW 8824 -0.1 0.5 -0.5 0.8 0.8 0.7 -0.0 0.7
EW 8838 0.5 0.7 0.6 0.6 0.9 0.7 -0.1 0.5
EW 8514.1 0.0 0.2 0.1 0.2 -0.3 0.4 0.4 0.6
EW 8518.1 0.1 0.5 0.1 0.6 -1.0 1.0 0.0 1.0
EW 8679.4 -1.0 2.0 -2.0 3.0 -3.0 3.0 -0.0 3.0
EW 8683.0 -0.2 0.6 -0.5 0.6 -0.1 0.4 -0.1 0.6
EW 8688.5 -0.1 0.3 -0.3 0.4 0.1 0.4 0.1 0.4
EW 8692.0 -0.0 0.9 -0.0 1.0 0.0 1.0 -0.3 1.0
EW 8734.5 1.0 1.0 0.0 1.0 2.0 2.0 -1.0 2.0
EW 8736.0 0.0 5.0 -1.0 3.0 -3.0 3.0 -1.0 5.0
EW 8805.0 0.3 0.8 0.0 1.0 1.0 1.0 -1.0 2.0
EW 8699.1 2.0 3.0 5.0 4.0 1.0 2.0 -1.0 2.0
EW 8729.0 -0.0 3.0 2.0 3.0 -3.0 2.0 -1.0 2.0
EW 8740.7 6.0 8.0 7.0 8.0 5.0 4.0 0.0 3.0
EW 8742.2 8.0 10.0 12.0 10.0 -1.0 5.0 -1.0 4.0
EW 8751.7 -1.0 3.0 -3.0 3.0 2.0 2.0 1.0 1.0
Bandhead 8504.5a 1.0 2.0 2.0 2.0 -1.0 2.0 1.0 2.0
Bandhead 8569.2a 2.0 2.0 3.0 3.0 -1.0 6.0 10.0 10.0
Bandhead 8859a 0.0 0.5 0.1 0.3 -0.1 0.4 -0.5 0.6
Notes. (a) The coefficients for this variable are dimensionless.
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Table B.6: Coefficients for the PCs 13 to 15 calculated from the shortened data input.
Line or Bandhead PC13 PC14 PC15
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8468 -1.1 0.4 -0.5 0.4 -0.3 0.3
EW 8498 -0.1 0.2 -0.0 0.2 0.1 0.2
EW 8542 -0.1 0.1 0.0 0.1 0.02 0.07
EW 8582 1.0 1.0 0.0 1.0 -1.0 2.0
EW 8611 -0.0 1.0 -0.0 1.0 -0.1 0.9
EW 8662 -0.0 0.1 0.0 0.2 0.1 0.1
EW 8675 -0.0 0.3 -0.1 0.4 -0.1 0.4
EW 8710.2 -1.0 3.0 -0.0 2.0 -0.0 3.0
EW 8712.8 1.2 1.0 1.0 1.0 -0.0 2.0
EW 8730.5 1.0 3.0 1.0 4.0 2.0 5.0
EW 8807.0 0.0 1.0 -0.0 1.0 0.0 0.9
EW 8757 0.6 0.7 0.4 0.9 -0.0 1.0
EW 8764 -0.0 2.0 1.0 3.0 -0.0 1.0
EW 8793.2 3.0 5.0 3.0 6.0 -1.0 4.0
EW 8824 -0.0 1.0 -1.0 2.0 1.0 2.0
EW 8838 -0.1 0.5 0.0 0.6 -0.1 0.5
EW 8514.1 0.1 0.3 0.1 0.3 -0.0 0.2
EW 8518.1 1.0 1.0 0.0 1.0 -1.0 2.0
EW 8679.4 2.0 2.0 1.0 2.0 1.0 2.0
EW 8683.0 0.4 0.4 0.1 0.4 -0.2 0.5
EW 8688.5 0.1 0.4 0.1 0.6 0.2 0.8
EW 8692.0 -0.0 0.7 -0.0 0.7 -1.0 1.0
EW 8734.5 -1.0 1.0 -1.0 1.0 -0.0 2.0
EW 8736.0 -5.0 4.0 -2.0 3.0 -1.0 3.0
EW 8805.0 0.7 1.0 0.3 0.8 0.5 0.9
EW 8699.1 -1.0 2.0 -1.0 2.0 -1.0 3.0
EW 8729.0 0.0 2.0 0.0 2.0 2.0 5.0
EW 8740.7 2.0 3.0 1.0 3.0 5.0 6.0
EW 8742.2 -1.0 5.0 -3.0 8.0 -2.0 7.0
EW 8751.7 1.0 1.0 0.0 1.0 -1.0 3.0
Bandhead 8504.5a 1.0 1.0 1.0 2.0 0.0 2.0
Bandhead 8569.2a 2.0 7.0 4.0 7.0 1.0 4.0
Bandhead 8859a -0.4 0.5 -0.2 0.6 0.2 0.8
Notes. (a) The coefficients for this variable are dimensionless.
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Table B.7: Coefficients for the PCs 1 to 3 calculated from the Gaia data input.
Line or Bandhead PC1 PC2 PC3
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8498 -0.384 0.009 0.198 0.009 -0.18 0.07
EW 8542 -0.183 0.004 0.125 0.006 -0.14 0.04
EW 8582 -2.50 0.05 0.88 0.07 -0.8 0.4
EW 8611 -2.56 0.04 0.26 0.07 -2.4 0.6
EW 8662 -0.234 0.006 0.039 0.006 -0.15 0.07
EW 8675 -1.24 0.02 -0.76 0.03 -1.0 0.2
EW 8710.2 -4.3 0.1 2.1 0.2 10.0 2.0
EW 8712.8 -2.94 0.06 0.51 0.08 2.8 0.6
EW 8730.5 -5.1 0.1 -1.8 0.2 3.0 2.0
EW 8514.1 -1.16 0.02 0.07 0.02 -0.6 0.1
EW 8518.1 -1.62 0.04 -2.5 0.1 0.7 0.8
EW 8679.4 -2.28 0.05 -1.3 0.1 3.3 1.0
EW 8683.0 -1.42 0.02 -1.96 0.07 -0.1 0.2
EW 8688.5 -1.14 0.02 -0.51 0.03 -0.6 0.2
EW 8692.0 -1.99 0.04 -3.7 0.1 -1.9 0.8
EW 8699.1 -3.90 0.08 0.9 0.1 -0.7 0.7
EW 8729.0 -3.39 0.07 3.3 0.2 7.0 1.0
Bandhead 8504.5a 1.60 0.09 -7.9 0.5 2.0 1.0
Bandhead 8569.2a 2.7 0.2 -13.6 0.8 4.0 3.0
Notes. (a) The coefficients for this variable are dimensionless.
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Table B.8: Coefficients for the PCs 4 to 6 calculated from the Gaia data input.
Line or Bandhead PC4 PC5 PC6
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8498 -0.21 0.07 -0.3 0.1 -0.2 0.1
EW 8542 -0.08 0.05 -0.17 0.06 -0.07 0.07
EW 8582 0.5 0.4 1.0 2.0 3.0 2.0
EW 8611 -2.2 0.6 1.0 2.0 4.0 2.0
EW 8662 -0.27 0.05 -0.24 0.06 -0.13 0.08
EW 8675 -0.5 0.2 0.2 0.1 -0.0 0.2
EW 8710.2 -4.0 3.0 7.0 2.0 2.0 3.0
EW 8712.8 1.8 0.7 1.3 0.5 0.6 0.7
EW 8730.5 11.0 2.0 -8.0 5.0 5.0 7.0
EW 8514.1 -0.1 0.2 0.2 0.5 0.9 0.6
EW 8518.1 3.0 0.5 1.6 0.7 0.0 1.0
EW 8679.4 -1.9 1.0 -3.0 2.0 -4.0 2.0
EW 8683.0 0.8 0.2 -0.3 0.8 -1.3 0.9
EW 8688.5 -0.6 0.2 0.5 0.2 0.3 0.3
EW 8692.0 2.2 0.7 1.0 2.0 -3.0 3.0
EW 8699.1 -2.0 1.0 7.0 3.0 -1.0 4.0
EW 8729.0 0.0 2.0 -3.0 2.0 1.0 3.0
Bandhead 8504.5a -3.5 0.9 -2.0 2.0 4.0 3.0
Bandhead 8569.2a -10.0 2.0 -1.0 3.0 5.0 4.0
Notes. (a) The coefficients for this variable are dimensionless.
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Table B.9: Coefficients for the PCs 7 to 9 calculated from the Gaia data input.
Line or Bandhead PC7 PC8 PC9
(A˚) coef. (A˚−1) ±σ coef. (A˚−1) ±σ coef. (A˚−1) ±σ
EW 8498 -0.33 0.09 -0.3 0.1 -0.4 0.1
EW 8542 -0.20 0.07 -0.16 0.08 -0.17 0.07
EW 8582 -1.0 1.0 2.0 2.0 1.0 2.0
EW 8611 1.2 0.7 1.0 1.0 1.9 0.8
EW 8662 -0.08 0.04 -0.10 0.1 -0.07 0.08
EW 8675 0.4 0.2 0.5 0.3 0.7 0.3
EW 8710.2 -6.0 3.0 -6.0 7.0 3.0 4.0
EW 8712.8 0.9 0.7 -1.0 1.0 -1.0 1.0
EW 8730.5 3.0 4.0 -5.0 6.0 1.0 4.0
EW 8514.1 -0.2 0.2 0.1 0.3 0.1 0.3
EW 8518.1 -4.0 1.0 1.0 3.0 -2.0 2.0
EW 8679.4 -1.0 3.0 3.0 2.0 3.0 2.0
EW 8683.0 0.5 0.2 0.2 0.5 0.7 0.4
EW 8688.5 0.8 0.4 0.2 0.9 1.2 0.6
EW 8692.0 1.2 0.7 -1.0 2.0 0.0 1.0
EW 8699.1 6.0 2.0 -0.0 4.0 -6.0 2.0
EW 8729.0 7.0 2.0 2.0 4.0 -4.0 2.0
Bandhead 8504.5a 1.0 1.0 0.0 2.0 -1.0 2.0
Bandhead 8569.2a 0.0 3.0 -5.0 4.0 -8.0 4.0
Notes. (a) The coefficients for this variable are dimensionless.
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B.3 SVM coefficients calculated
Table B.10: Coefficients that define the split between the early and late subsamples in the
multidimensional (15) space of the PCs. These coefficients were calculated from the shortened
input list, and are given for the multiple putative boundaries used. Each one of these splits
generates two subsamples: the early one (formed by those objects considered earlier than the
given putative boundary), and the late one (formed by those objects considered equal or later
than the given putative boundary).
Boundary between early and late subsamples
putative boundary at
K5 M0 M1 M2 M3
PC coef. ±σ coef. ±σ coef. ±σ coef. ±σ coef. ±σ
order 0 0.3 0.4 -0.3 0.5 -1.1 0.5 -1.7 0.5 -1.2 0.3
PC1 -0.06 0.06 0.06 0.05 -0.00 0.07 -0.01 0.06 0.09 0.04
PC2 -2.6 0.3 -2.7 0.2 -2.4 0.3 -1.6 0.2 -1.0 0.1
PC3 0.8 0.2 1.0 0.2 0.8 0.2 0.6 0.1 0.3 0.1
PC4 -0.2 0.3 -0.4 0.3 -0.1 0.3 -0.1 0.3 -0.5 0.2
PC5 0.5 0.2 0.1 0.2 0.2 0.1 -0.1 0.1 -0.2 0.1
PC6 -1.0 0.3 -1.1 0.2 -0.6 0.2 -0.5 0.2 -0.4 0.2
PC7 0.3 0.6 0.4 0.4 0.4 0.3 1.1 0.3 0.9 0.3
PC8 -0.7 0.4 -0.4 0.4 -0.8 0.4 -0.7 0.4 -0.7 0.3
PC9 0.6 0.4 0.7 0.3 0.3 0.3 0.4 0.3 0.3 0.3
PC10 -0.2 0.4 -0.3 0.3 0.1 0.3 -0.3 0.3 0.2 0.3
PC11 1.2 0.4 0.8 0.4 0.8 0.4 0.6 0.3 -0.3 0.2
PC12 -0.7 0.4 -1.4 0.4 -1.2 0.4 -0.6 0.4 -0.7 0.4
PC13 -0.3 0.3 -0.1 0.3 0.6 0.4 0.2 0.3 0.2 0.3
PC14 -0.5 0.3 -0.8 0.3 -0.4 0.3 -0.2 0.3 -0.5 0.3
PC15 -0.2 0.4 0.1 0.4 -0.1 0.4 0.5 0.4 -0.2 0.4
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Table B.11: Coefficients that define the split between the early and late subsamples in the
multidimensional (9) space of the PCs. These coefficients were calculated from the Gaia input
list, and are given for the multiple putative boundaries used. Each one of these splits generates
two subsamples: the early one (formed by those objects considered earlier than the given putative
boundary), and the late one (formed by those objects considered equal or later than the given
putative boundary).
Boundary between early and late subsamples
putative boundary at
K5 M0 M1 M2 M3
PC coef. ±σ coef. ±σ coef. ±σ coef. ±σ coef. ±σ
order 0 -0.4 0.2 -0.6 0.3 -1.3 0.3 -1.3 0.4 -1.3 0.3
PC1 -0.14 0.06 -0.07 0.07 -0.06 0.06 -0.02 0.07 0.11 0.04
PC2 -2.7 0.3 -3.0 0.3 -2.7 0.2 -2.2 0.3 -1.3 0.2
PC3 0.0 0.2 0.3 0.2 0.4 0.2 0.5 0.2 0.3 0.2
PC4 0.5 0.3 0.5 0.3 0.8 0.3 0.3 0.3 0.1 0.2
PC5 1.6 0.4 1.4 0.4 1.4 0.3 0.9 0.4 0.5 0.3
PC6 -0.3 0.4 -1.0 0.3 -0.9 0.3 -1.0 0.3 -0.4 0.3
PC7 0.6 0.3 0.7 0.3 0.8 0.3 1.3 0.3 0.8 0.3
PC8 -0.6 0.4 -0.1 0.4 0.2 0.4 -0.3 0.4 0.5 0.3
PC9 0.2 0.4 0.4 0.4 0.2 0.3 -0.0 0.3 -0.3 0.3
Table B.12: Coefficients that define the separation between the SGs and non-SGs in the multi-
dimensional (15) space of the PCs, for the early subsample. These coefficients were calculated
from the shortened input list. The coefficients are given for the multiple putative boundaries
previously used to define the early subsample.
Boundary between SG and non-SGs for early subsample
putative boundary at
K5 M0 M1 M2 M3
PC coef. ±σ coef. ±σ coef. ±σ coef. ±σ coef. ±σ
order 0 1.4 0.4 1.5 0.4 1.4 0.4 1.2 0.4 1.1 0.4
PC1 -0.44 0.07 -0.45 0.07 -0.47 0.06 -0.48 0.07 -0.49 0.07
PC2 -0.3 0.2 -0.3 0.2 -0.2 0.2 -0.1 0.2 -0.1 0.2
PC3 -1.0 0.1 -1.0 0.2 -1.1 0.2 -1.2 0.2 -1.2 0.2
PC4 -1.1 0.2 -1.1 0.2 -1.1 0.2 -1.2 0.3 -1.1 0.3
PC5 -0.3 0.2 -0.3 0.2 -0.4 0.2 -0.5 0.2 -0.4 0.2
PC6 1.1 0.2 1.1 0.2 1.1 0.3 0.9 0.3 0.7 0.3
PC7 -0.6 0.3 -0.5 0.3 -0.3 0.3 -0.2 0.3 -0.1 0.3
PC8 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.5 0.4
PC9 0.8 0.3 0.7 0.3 0.6 0.3 0.5 0.3 0.6 0.3
PC10 0.0 0.3 -0.0 0.3 0.0 0.3 -0.1 0.3 -0.1 0.3
PC11 0.5 0.3 0.4 0.3 0.4 0.3 0.3 0.3 0.2 0.3
PC12 -0.3 0.2 -0.3 0.2 -0.3 0.2 -0.1 0.2 -0.3 0.3
PC13 -0.1 0.3 -0.0 0.3 -0.0 0.3 -0.1 0.3 -0.1 0.3
PC14 0.3 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.2
PC15 0.2 0.3 0.2 0.3 0.2 0.3 0.4 0.4 0.3 0.4
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Table B.13: Coefficients that define the split between the SGs and non-SGs in the multidimen-
sional (9) space of the PCs, for the early subsample. These coefficients were calculated from the
Gaia input list. The coefficients are given for the multiple putative boundaries previously used
to define the early subsample.
Boundary between SG and non-SGs for early subsample
putative boundary at
K5 M0 M1 M2 M3
PC coef. ±σ coef. ±σ coef. ±σ coef. ±σ coef. ±σ
order 0 0.0 0.2 0.2 0.2 0.3 0.2 0.4 0.2 0.6 0.2
PC1 -0.51 0.05 -0.52 0.06 -0.53 0.06 -0.54 0.06 -0.53 0.07
PC2 0.9 0.3 0.8 0.3 0.7 0.3 0.6 0.2 0.4 0.2
PC3 -1.5 0.2 -1.5 0.2 -1.5 0.2 -1.4 0.2 -1.4 0.2
PC4 -0.6 0.2 -0.7 0.2 -0.6 0.2 -0.6 0.2 -0.7 0.2
PC5 -1.3 0.2 -1.4 0.2 -1.4 0.2 -1.4 0.2 -1.3 0.3
PC6 0.4 0.3 0.4 0.3 0.3 0.3 0.4 0.3 0.3 0.3
PC7 0.3 0.3 0.3 0.3 0.4 0.3 0.5 0.3 0.6 0.3
PC8 -1.5 0.3 -1.5 0.3 -1.6 0.4 -1.5 0.4 -1.5 0.4
PC9 0.2 0.3 0.3 0.3 0.4 0.3 0.6 0.3 0.5 0.3
Table B.14: Coefficients that define the split between the SGs and non-SGs in the multidimen-
sional (15) space of the PCs, for the late subsample. These coefficients were calculated from the
shortened input list. The coefficients are given for the multiple putative boundaries previously
used to define the late subsample.
Boundary between SG and non-SGs for late subsample
putative boundary at
K5 M0 M1 M2 M3
PC coef. ±σ coef. ±σ coef. ±σ coef. ±σ coef. ±σ
order 0 1.5 0.8 1.4 0.9 1.8 1.0 2.0 1.0 1.0 1.0
PC1 -0.5 0.1 -0.5 0.1 -0.5 0.1 -0.5 0.1 -0.5 0.1
PC2 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.0 0.3
PC3 -1.0 0.3 -1.1 0.3 -1.0 0.3 -1.0 0.3 -1.1 0.2
PC4 -1.2 0.4 -1.2 0.4 -1.3 0.4 -1.3 0.4 -1.2 0.4
PC5 -0.1 0.3 -0.1 0.3 0.0 0.3 0.2 0.2 0.2 0.2
PC6 -0.2 0.3 -0.2 0.3 -0.3 0.3 -0.3 0.3 -0.4 0.2
PC7 0.5 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.6 0.4
PC8 -0.2 0.4 -0.3 0.4 -0.3 0.4 -0.5 0.4 -0.7 0.3
PC9 0.4 0.4 0.4 0.4 0.5 0.4 0.5 0.4 0.4 0.4
PC10 -0.0 0.4 -0.0 0.4 -0.1 0.4 -0.1 0.4 -0.0 0.4
PC11 0.6 0.5 0.7 0.5 0.6 0.5 0.8 0.5 1.2 0.4
PC12 -0.5 0.4 -0.7 0.4 -0.7 0.4 -0.7 0.4 -0.6 0.3
PC13 -0.1 0.4 -0.1 0.4 -0.1 0.4 -0.2 0.4 -0.4 0.3
PC14 0.1 0.3 0.1 0.3 0.1 0.3 0.0 0.3 -0.0 0.2
PC15 -0.1 0.4 0.0 0.4 -0.0 0.4 0.0 0.4 0.2 0.4
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Table B.15: Coefficients that define the split between the SGs and non-SGs in the multidimen-
sional (9) space of the PCs, for the late subsample. These coefficients were calculated from the
Gaia input list. The coefficients are given for the multiple putative boundaries previously used
to define the late subsample.
Boundary between SG and non-SGs for late subsample
putative boundary at
K5 M0 M1 M2 M3
PC coef. ±σ coef. ±σ coef. ±σ coef. ±σ coef. ±σ
order 0 1.3 0.6 1.5 0.7 1.5 0.8 1.5 0.7 1.0 0.6
PC1 -0.5 0.2 -0.5 0.2 -0.5 0.2 -0.5 0.2 -0.32 0.09
PC2 0.2 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.2
PC3 -0.4 0.4 -0.2 0.4 -0.3 0.4 -0.3 0.4 0.0 0.3
PC4 -0.8 0.3 -0.8 0.3 -0.8 0.3 -0.9 0.3 -1.1 0.3
PC5 -0.4 0.5 -0.4 0.5 -0.4 0.5 -0.1 0.5 -0.1 0.4
PC6 0.3 0.5 0.4 0.5 0.5 0.5 0.4 0.5 0.6 0.3
PC7 1.3 0.5 1.4 0.5 1.4 0.4 1.7 0.4 1.8 0.3
PC8 -0.0 0.4 0.1 0.4 0.0 0.4 -0.1 0.4 -0.1 0.3




Table C.1: Stars observed in the Perseus arm. We include for each target in which epoch was
observed, the manual preliminary classification done, the calculated probabilities of being a SG
(obtained through the PCA method or the CaT or Ti/Fe criteria), and the SpT assigned by the
automated methods when available. For more details see Chapter 5.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER001 0:00:10.00 +62:27:36.0 2011 M6.0 II 0.429 0.035 0.251 M6
PER002 0:00:18.00 +60:21:02.0 2011 M4.5 Ib – II 0.513 0.345 0.299 M5
PER003 0:01:44.20 +62:11:23.8 2012 M3.0 II 0.595 0.998 0.5 M3
PER004 0:01:46.90 +64:16:36.8 2012 M6.0 II – III 0.364 0.0 0.073 M6
PER005 0:02:20.00 +57:02:14.1 2012 M8.0 III 0.117 0.0 0.0 –
PER006 0:02:59.00 +61:22:05.0 2011 M3.0 Ib – II 0.39 0.998 0.636 M3
PER007 0:04:10.80 +60:55:22.3 2012 C star – – – –
PER008 0:06:39.00 +58:02:18.0 2011 M5.0 Ib – II 0.357 0.157 0.277 M5.5
PER009 0:08:58.40 +62:42:57.0 2012 C star – – – –
PER010 0:09:26.30 +63:57:14.0 2012 M2.0 Iab 0.879 1.0 1.0 M1.5
PER011 0:10:49.60 +64:51:14.2 2012 M6.5 II 0.374 0.009 0.14 M6.5
PER012 0:12:21.60 +62:53:33.6 2012 K0.0 Iab 0.64 1.0 1.0 M2
PER013 0:13:23.20 +63:27:31.2 2012 C star – – – M3.5
PER014 0:14:57.50 +66:37:30.3 2012 M1.0 II 0.498 0.998 0.641 –
PER015 0:15:01.00 +66:06:50.2 2012 K3.0 Ib – II 0.501 1.0 0.939 M2
PER016 0:16:42.30 +67:33:02.8 2012 M4.0 II 0.408 0.353 0.443 M5
PER017 0:16:54.90 +57:31:51.1 2012 M7.5 II 0.332 0.0 0.065 M6.5
PER018 0:18:23.00 +61:52:28.0 2011 M6.0 II 0.278 0.0 0.073 M6.5
PER019 0:18:26.40 +60:54:08.9 2012 M1.0 Iab 0.811 1.0 1.0 M2.5
PER020 0:19:03.00 +57:43:42.2 2012 M6.0 III 0.329 0.0 0.048 M6
PER021 0:19:04.10 +66:22:13.1 2012 C star – – – –
PER022 0:20:43.50 +61:52:46.5 2012 M1.0 Iab 0.794 1.0 1.0 M2
PER023 0:21:31.80 +61:31:13.5 2012 M3.0 Ib – II 0.445 0.837 0.358 M3.5
PER024 0:22:26.80 +59:11:33.4 2012 C star – – – –
PER025 0:23:17.00 +62:21:39.0 2011 M6.5 III 0.215 0.0 0.012 M7
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Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER026 0:26:18.00 +61:41:19.0 2011 M6.0 Ib 0.311 0.007 0.077 M6
PER027 0:26:18.70 +61:32:03.1 2012 M1.5 II 0.543 1.0 0.755 M2
PER028 0:27:11.00 +63:33:25.0 2011 M6.0 Ib 0.444 0.001 0.049 M6
PER029 0:27:29.00 +59:19:47.7 2012 M5.0 III 0.407 0.005 0.196 M5.5
PER030 0:28:08.50 +60:29:29.5 2012 M5.0 III 0.262 0.0 0.047 M6.5
PER031 0:28:40.00 +63:27:40.0 2011 M2.0 Ib 0.786 1.0 1.0 M2
PER032 0:29:48.50 +60:29:43.4 2012 K2.0 Ib 0.626 1.0 1.0 –
PER033 0:30:26.20 +67:00:06.2 2012 M1.5 II 0.396 1.0 0.86 M2.5
PER034 0:30:59.50 +61:26:19.0 2012 M0.0 Ib 0.611 1.0 0.962 K4
PER035 0:31:25.40 +60:15:19.5 2012 M0.0 II 0.492 1.0 0.699 K3
PER036 0:33:47.10 +58:15:37.3 2012 M5.0 III 0.387 0.067 0.251 M5.5
PER037 0:34:31.00 +61:56:42.0 2011 M7.0 III 0.201 0.0 0.01 M7
PER038 0:35:02.70 +61:19:02.1 2012 C star – – – –
PER039 0:35:26.00 +61:14:48.0 2011 M7.0 II 0.249 0.0 0.024 M7
PER040 0:35:37.10 +67:55:33.0 2012 K3.0 Iab 0.728 1.0 1.0 M1.5
PER041 0:35:41.10 +64:09:07.9 2012 C star – – – M2.5
PER042 0:35:42.00 +63:07:47.0 2011 M0.0 Ib 0.756 1.0 1.0 –
PER043 0:37:16.50 +58:46:24.2 2012 M5.0 III 0.313 0.066 0.158 M5
PER044 0:38:28.00 +63:14:09.0 2011 M2.0 Iab 0.811 1.0 1.0 M2.5
PER045 0:38:42.40 +61:43:57.4 2012 M2.0 Ib – II 0.423 0.998 0.574 K4
PER046 0:40:01.00 +62:19:41.0 2011 M0.5 Ib 0.815 1.0 1.0 M2
PER047 0:40:24.80 +59:30:49.7 2012 M2.0 Ib 0.618 1.0 0.913 M2.5
PER048 0:40:28.00 +64:17:33.0 2011 M1.5 Ib 0.797 1.0 1.0 M2
PER049 0:41:24.10 +59:24:41.4 2012 M0.0 Ib – II 0.53 1.0 0.803 M2
PER050 0:43:51.00 +62:16:51.0 2011 M1.0 Iab 0.868 1.0 1.0 M2
PER051 0:44:00.90 +58:56:05.5 2012 M6.0 II 0.443 0.0 0.081 M6
PER052 0:44:32.00 +62:07:15.0 2011 M0.0 Ib 0.706 1.0 1.0 M1.5
PER053 0:45:51.50 +58:02:18.4 2012 M5.0 Ib 0.358 0.025 0.133 M6
PER054 0:48:34.00 +62:04:23.0 2011 M5.0 Ib – II 0.368 0.086 0.213 M5.5
PER055 0:49:11.00 +64:56:19.0 2011 M3.0 Ib 0.827 1.0 1.0 –
PER056 0:49:17.60 +63:10:05.3 2012 M4.5 II – III 0.498 0.407 0.246 M4
PER057 0:50:25.00 +63:03:05.0 2011 M4.5 Ib – II 0.471 0.065 0.162 M4
PER058 0:50:38.40 +60:13:07.1 2012 S star 0.509 0.864 0.966 M3
PER059 0:52:49.70 +57:24:23.7 2012 M5.0 III 0.297 0.113 0.196 M5
PER060 0:53:38.00 +63:20:29.0 2012 C star – – – –
PER061 0:54:53.80 +58:33:49.2 2012 C star – – – –
PER062 0:55:09.80 +57:16:34.1 2012 M1.0 Ib 0.667 1.0 1.0 M2
PER063 0:57:31.70 +60:20:12.2 2012 M6.0 II – III 0.411 0.007 0.144 M6
PER064 0:57:35.80 +61:28:08.1 2012 M7.0 III 0.245 0.0 0.0 M6.5
PER065 0:58:02.00 +62:49:32.0 2011 M2.0 Iab 0.814 1.0 1.0 K5.5
PER066 0:58:04.30 +67:41:51.8 2012 M1.5 II 0.457 1.0 0.519 M2
PER067 0:58:12.30 +59:34:24.0 2012 M1.0 Iab 0.8 1.0 1.0 M2
PER068 1:00:26.00 +63:33:16.0 2011 M3.0 II 0.526 0.998 0.89 K3.5
PER069 1:01:58.40 +57:59:48.2 2012 M7.5 III 0.191 0.0 0.02 K0
PER070 1:02:43.60 +61:51:43.0 2012 C star – – – –
C.1. PERSEUS ARM 189
Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER071 1:02:44.00 +60:36:15.4 2012 M6.0 III 0.28 0.019 0.198 M6
PER072 1:02:55.70 +60:58:23.9 2012 M0.5 Ib 0.7 1.0 1.0 –
PER073 1:03:15.00 +63:05:11.0 2011 M5.0 Ib – II 0.389 0.204 0.337 M5
PER074 1:03:33.60 +61:12:31.5 2012 M2.0 II 0.44 0.999 0.54 M2.5
PER075 1:04:36.30 +61:22:44.9 2012 C star – – – –
PER076 1:05:16.00 +62:29:10.0 2011 M1.5 Ib 0.77 1.0 1.0 M2
PER077 1:05:23.90 +62:21:24.6 2012 M0.5 Iab 0.845 1.0 1.0 –
PER078 1:06:30.00 +57:34:00.4 2012 M3.5 Ib – II 0.477 0.947 0.406 M4
PER079 1:06:59.70 +63:46:23.4 2012 G2.0 Ia 0.689 1.0 0.017 M1.5
PER080 1:07:53.00 +63:25:11.6 2012 K3.0 Iab 0.815 1.0 1.0 M1.5
PER081 1:08:55.70 +61:10:54.3 2012 M4.5 II 0.295 0.109 0.193 K3.5
PER082 1:09:13.00 +65:07:02.0 2011 M2.0 Ib 0.77 1.0 1.0 M2
PER083 1:09:42.20 +62:25:09.8 2012 M8.0 III 0.179 0.0 0.001 M6.5
PER084 1:09:44.50 +57:03:52.6 2012 M2.0 II 0.49 1.0 0.295 M2.5
PER085 1:10:20.10 +62:30:39.8 2012 M2.0 Iab 0.846 1.0 1.0 M2.5
PER086 1:11:32.50 +56:56:20.7 2012 M7.5 III 0.235 0.001 0.029 M6.5
PER087 1:12:57.60 +59:52:39.6 2012 M5.0 III 0.285 0.33 0.089 M4.5
PER088 1:14:56.60 +59:42:13.3 2012 M9.0 III 0.088 0.0 0.001 –
PER089 1:15:19.20 +57:21:40.4 2012 M4.0 II 0.389 0.65 0.285 M4
PER090 1:16:04.70 +58:33:48.4 2012 M4.0 II – III 0.396 0.081 0.321 K3.5
PER091 1:16:45.00 +63:28:27.0 2011 M0.0 Ib 0.765 1.0 1.0 M2
PER092 1:17:48.10 +64:13:39.7 2012 K5.0 Ib – II 0.558 1.0 0.951 K3
PER093 1:18:13.80 +57:48:11.3 2012 M4.0 II 0.394 0.144 0.173 –
PER094 1:18:14.00 +57:48:11.0 2011 M5.0 II 0.381 0.108 0.221 M4.5
PER095 1:18:38.00 +58:02:12.8 2012 M1.0 Ib – II 0.536 1.0 0.978 M2
PER096 1:18:48.20 +59:46:41.4 2012 M4.0 II 0.292 0.138 0.155 M4.5
PER097 1:18:52.70 +58:09:30.9 2012 C star – – – M2
PER098 1:20:01.40 +57:31:29.1 2012 M4.5 II 0.297 0.02 0.091 M5
PER099 1:21:09.10 +56:32:02.3 2012 M7.0 II 0.211 0.0 0.001 M6
PER100 1:21:55.00 +61:20:55.0 2011 M7.0 III 0.085 0.0 0.04 G4
PER101 1:22:04.10 +66:50:12.3 2012 S star 0.347 0.072 0.451 M3.5
PER102 1:22:56.30 +61:10:34.6 2012 K4.0 Iab 0.826 1.0 1.0 M1.5
PER103 1:23:01.80 +61:59:40.7 2012 M1.5 Ib 0.876 1.0 1.0 M0
PER104 1:24:25.20 +57:11:53.4 2012 M0.5 Ib 0.643 1.0 1.0 M1.5
PER105 1:25:02.10 +61:04:41.0 2012 M9.0 III 0.066 0.0 0.0 G6.5
PER106 1:25:09.40 +58:49:18.7 2012 M5.0 Ib – II 0.384 0.078 0.217 M5.5
PER107 1:25:10.40 +60:52:38.0 2012 M1.0 Iab 0.867 1.0 1.0 M2
PER108 1:25:22.80 +57:38:11.7 2012 M3.0 II 0.383 0.825 0.324 K3.5
PER109 1:25:58.30 +63:29:32.3 2012 M3.0 Iab 0.867 1.0 1.0 M3
PER110 1:26:43.20 +62:52:31.7 2012 M0.5 Iab 0.796 1.0 1.0 M2
PER111 1:29:20.60 +61:45:41.8 2012 M2.0 Ib 0.764 1.0 0.947 M3
PER112 1:29:47.90 +58:47:19.3 2012 C star – – – M2
PER113 1:31:34.30 +59:57:48.1 2012 M0.0 Ib 0.783 1.0 1.0 K5
PER114 1:32:00.20 +62:19:44.5 2012 M2.0 Iab 0.867 1.0 1.0 M2
PER115 1:33:32.60 +57:45:05.5 2012 C star – – – M1.5
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Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER116 1:33:33.10 +61:33:29.6 2012 M0.5 Iab 0.869 1.0 1.0 M0.5
PER117 1:34:07.20 +65:11:18.5 2012 K5.0 Iab 0.748 1.0 0.984 M1.5
PER118 1:34:48.50 +65:47:51.8 2012 M5.0 III 0.381 0.087 0.237 –
PER119 1:34:52.20 +62:46:28.6 2012 K5.0 Iab – Ib 0.758 1.0 1.0 M1.5
PER120 1:37:52.40 +62:47:48.8 2012 M3.0 Iab 0.922 1.0 1.0 M3
PER121 1:38:03.50 +61:02:49.2 2012 K5.0 Iab – Ib 0.752 1.0 1.0 M2
PER122 1:38:35.90 +60:49:25.7 2012 K5.0 Ib 0.607 1.0 0.998 M1.5
PER123 1:39:19.00 +60:39:38.0 2011 M4.0 II 0.381 0.745 0.459 M4
PER124 1:39:46.80 +59:42:29.2 2012 S star 0.591 0.969 0.726 M4
PER125 1:39:51.60 +60:54:08.1 2012 M2.0 Iab 0.798 1.0 1.0 M0
PER126 1:41:01.00 +61:31:01.0 2011 M4.0 III 0.37 0.066 0.439 M4.5
PER127 1:42:16.40 +61:25:16.4 2012 K5.0 Iab – Ib 0.782 1.0 1.0 M1.5
PER128 1:44:38.30 +61:37:43.0 2012 M0.0 Iab – Ib 0.734 1.0 1.0 M1.5
PER129 1:44:49.70 +57:42:01.4 2012 M4.5 II 0.297 0.653 0.184 M4
PER130 1:45:38.70 +61:02:22.7 2012 M0.0 Iab 0.841 1.0 1.0 –
PER131 1:47:44.00 +62:06:36.0 2011 M6.0 III 0.338 0.0 0.045 M6
PER132 1:47:46.00 +63:50:22.0 2012 S star 0.089 0.001 0.0 M2
PER133 1:51:40.00 +61:20:59.0 2011 M2.0 Ib 0.795 1.0 1.0 M2.5
PER134 1:54:01.20 +64:39:50.9 2012 M3.0 II – III 0.382 0.911 0.272 –
PER135 1:55:53.20 +64:16:56.1 2012 M4.0 II 0.381 0.774 0.398 M3.5
PER136 1:56:35.80 +62:04:13.0 2012 M1.0 Ib 0.794 1.0 1.0 –
PER137 1:56:41.00 +57:01:04.0 2011 M5.0 Ib 0.452 0.106 0.224 M5.5
PER138 1:56:45.40 +60:49:03.8 2012 M1.0 Ib 0.653 1.0 1.0 M2
PER139 1:57:40.10 +60:13:07.9 2012 K4.0 Ib 0.629 1.0 1.0 –
PER140 1:58:14.50 +59:37:01.1 2012 M3.0 II – III 0.426 0.765 0.122 K3.5
PER141 1:58:18.50 +64:03:55.8 2012 M5.0 III 0.198 0.0 0.074 M5
PER142 1:58:56.60 +61:00:04.0 2012 M0.5 Iab 0.803 1.0 1.0 M2
PER143 2:00:09.30 +55:45:14.1 2012 M5.5 II 0.279 0.034 0.09 M6
PER144 2:00:57.00 +58:36:58.0 2011 M7.5 III 0.18 0.0 0.026 M7
PER145 2:01:26.60 +64:08:37.8 2012 M3.5 Iab 0.805 1.0 0.997 M3.5
PER146 2:02:42.00 +58:04:53.0 2011 M4.0 III 0.185 0.0 0.021 M5.5
PER147 2:03:08.20 +62:11:24.1 2012 M0.0 Ib 0.776 1.0 1.0 K5
PER148 2:05:05.90 +58:16:23.1 2012 M9.0 III 0.075 0.0 0.0 M7
PER149 2:08:15.70 +59:15:56.0 2012 M7.5 Iab 0.352 0.0 0.029 M6.5
PER150 2:08:54.10 +58:42:28.6 2012 M7.5 III 0.213 0.0 0.028 M6.5
PER151 2:14:53.30 +66:29:56.6 2012 M0.0 Ib – II 0.508 1.0 0.965 M1.5
PER152 2:16:19.50 +64:52:17.4 2012 M3.0 II 0.375 0.993 0.253 M3
PER153 2:19:34.00 +58:23:57.0 2011 M7.5 III 0.144 0.0 0.0 M7
PER154 2:19:47.00 +58:38:48.0 2011 K0.0 II 0.697 1.0 1.0 K3
PER155 2:21:00.00 +57:09:30.0 2011 M1.5 Iab 0.855 1.0 1.0 –
PER156 2:22:24.20 +57:06:34.0 2012 M4.0 Iab 0.671 0.604 0.556 –
PER157 2:22:51.70 +58:35:11.2 2012 M3.0 Ia 0.51 0.0 0.004 –
PER158 2:23:39.00 +61:24:58.0 2011 M3.0 Ib – II 0.798 1.0 1.0 M2.5
PER159 2:24:29.80 +55:41:06.3 2012 M5.0 III 0.319 0.053 0.204 –
PER160 2:24:41.10 +59:57:47.2 2012 K2.0 Ib 0.501 0.987 0.669 –
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Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER161 2:26:02.70 +65:13:51.6 2012 K0.0 Ib 0.605 1.0 1.0 –
PER162 2:27:49.00 +57:05:52.0 2011 M5.0 II 0.427 0.022 0.131 M6
PER163 2:28:02.70 +59:46:10.0 2012 M2.0 II 0.501 0.995 0.286 K3.5
PER164 2:28:13.00 +58:37:09.0 2011 M7.0 III 0.371 0.0 0.005 M6.5
PER165 2:29:14.00 +61:25:53.7 2012 M3.5 II 0.323 0.444 0.351 M4
PER166 2:29:51.00 +59:58:58.0 2011 M1.5 Iab 0.802 1.0 1.0 M2
PER167 2:30:27.50 +62:31:45.6 2012 M7.0 III 0.177 0.0 0.0 M6.5
PER168 2:31:04.00 +56:50:26.0 2011 M0.0 Ib 0.78 1.0 1.0 M1.5
PER169 2:32:27.90 +54:18:12.9 2012 M7.5 II 0.177 0.0 0.002 –
PER170 2:35:44.60 +65:08:58.7 2012 M9.5 III 0.017 0.0 0.0 M5.5
PER171 2:36:11.30 +60:22:41.3 2012 M7.0 III 0.232 0.0 0.006 K1
PER172 2:37:33.20 +54:27:48.0 2012 M4.0 II 0.29 0.119 0.098 M4
PER173 2:38:43.00 +55:45:59.4 2012 C star – – – M4
PER174 2:39:22.90 +60:42:40.0 2012 M7.0 III 0.182 0.0 0.012 M6.5
PER175 2:41:04.90 +62:17:31.9 2012 M8.0 II 0.114 0.0 0.001 M6.5
PER176 2:41:07.80 +55:12:59.8 2012 M8.0 III 0.081 0.0 0.0 M6.5
PER177 2:42:39.20 +66:35:04.9 2012 M4.5 II 0.288 0.316 0.079 M4
PER178 2:42:56.90 +60:12:16.2 2012 K5.0 Iab 0.735 1.0 1.0 M1.5
PER179 2:43:45.10 +60:25:25.0 2012 C star – – – –
PER180 2:44:19.00 +60:55:55.6 2012 M7.0 II – III 0.269 0.0 0.078 M6.5
PER181 2:44:30.30 +65:42:52.7 2012 M3.0 Ib – II 0.611 0.97 0.552 M3.5
PER182 2:45:12.20 +58:05:24.5 2012 M0.0 Iab 0.751 1.0 1.0 M2
PER183 2:45:39.10 +59:17:34.4 2012 M4.0 II 0.406 0.416 0.231 –
PER184 2:46:00.70 +58:45:20.1 2012 M5.0 Iab 0.351 0.169 0.364 M5.5
PER185 2:46:21.10 +53:09:46.7 2012 K2.0 II 0.504 1.0 0.841 M1.5
PER186 2:46:23.00 +64:19:44.0 2011 M8.0 Ib – II 0.108 0.0 0.165 K4.5
PER187 2:46:31.40 +59:35:23.9 2012 K2.0 Ib 0.627 1.0 1.0 M1.5
PER188 2:46:40.00 +63:00:19.8 2012 M6.0 III 0.338 0.001 0.093 K3.5
PER189 2:47:52.50 +64:45:17.0 2012 M3.0 II 0.504 0.989 0.68 M3
PER190 2:49:07.00 +60:13:11.0 2011 M2.0 Ib 0.697 1.0 0.999 M2.5
PER191 2:49:54.00 +61:02:09.0 2011 M3.0 Ib 0.917 1.0 1.0 M3
PER192 2:50:14.00 +62:25:14.0 2011 M3.5 Ib 0.892 1.0 1.0 M2.5
PER193 2:50:39.50 +58:53:08.4 2012 C star – – – –
PER194 2:50:57.00 +60:44:27.0 2011 M6.0 Ib – II 0.401 0.084 0.177 M5.5
PER195 2:52:42.00 +58:42:49.5 2012 M5.0 Ib – II 0.237 0.0 0.091 M5.5
PER196 2:52:52.90 +54:24:34.2 2012 C star – – – M1.5
PER197 2:54:19.00 +59:29:14.1 2012 C star – – – –
PER198 2:55:30.00 +60:13:59.0 2011 M2.0 Iab 0.802 1.0 1.0 M2
PER199 2:56:19.60 +58:52:18.8 2012 M0.5 II 0.524 1.0 0.981 M1.5
PER200 2:56:53.20 +57:33:24.9 2012 M2.0 Iab 0.841 1.0 1.0 M3
PER201 2:59:17.80 +51:50:24.5 2012 M6.5 III 0.213 0.006 0.175 M6.5
PER202 21:26:36.8 +59:08:42.4 2012 M8.0 III 0.151 0.0 0.01 M7
PER203 21:37:03.0 +54:55:40.8 2012 M4.5 II – III 0.479 0.439 0.453 M4
PER204 21:40:39.0 +54:19:28.7 2012 M7.0 II – III 0.325 0.0 0.011 M6.5
PER205 21:41:08.1 +58:15:56.8 2012 M0.0 II 0.648 0.995 0.71 M1.5
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Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER206 21:42:08.8 +54:58:02.1 2012 M4.5 III 0.423 0.207 0.357 M4.5
PER207 21:42:16.0 +54:38:43.7 2012 C star – – – M3
PER208 21:44:04.3 +53:42:11.6 2012 K2.0 Ia 0.78 1.0 1.0 M1.5
PER209 21:47:17.2 +54:21:13.8 2012 M0.0 II 0.552 1.0 0.571 –
PER210 21:48:39.6 +52:54:07.0 2012 M4.0 Iab 0.576 0.623 0.343 M5
PER211 21:49:30.2 +53:22:11.5 2012 M3.0 II 0.401 0.999 0.416 M3
PER212 21:50:00.6 +53:23:41.5 2012 M5.0 III 0.308 0.301 0.237 K4
PER213 21:50:18.2 +52:38:15.6 2012 C star – – – M3.5
PER214 21:51:30.3 +54:44:27.0 2012 M6.0 III 0.129 0.0 0.0 –
PER215 21:51:31.0 +54:49:10.8 2012 M0.5 II 0.541 1.0 0.659 K3.5
PER216 21:51:38.0 +54:45:38.0 2011 M6.0 Ib – II 0.37 0.093 0.279 M5.5
PER217 21:51:47.5 +55:08:10.5 2012 M5.0 III 0.393 0.03 0.181 M5.5
PER218 21:51:48.3 +55:05:12.1 2012 C star – – – –
PER219 21:52:12.1 +54:49:46.2 2012 M2.0 Ib – II 0.593 1.0 0.739 M2.5
PER220 21:52:19.9 +52:53:14.6 2012 M2.0 II 0.471 0.991 0.633 M2
PER221 21:52:36.0 +55:58:38.0 2011 M6.0 Ib – II 0.5 0.001 0.057 M6
PER222 21:52:44.9 +55:17:36.2 2012 M4.0 II 0.401 0.875 0.499 M3.5
PER223 21:52:59.3 +52:54:56.0 2012 M2.0 II – III 0.463 0.999 0.391 M2
PER224 21:53:03.6 +62:02:14.6 2012 M5.0 III 0.341 0.029 0.193 K3.5
PER225 21:53:41.3 +59:17:33.0 2012 M5.0 III 0.494 0.169 0.234 M5.5
PER226 21:53:53.4 +53:18:45.6 2012 M1.0 Ib 0.498 1.0 0.852 M2
PER227 21:54:14.5 +52:40:50.6 2012 M4.5 II 0.437 0.319 0.325 M5
PER228 21:54:16.9 +58:33:20.8 2012 M2.0 II 0.523 1.0 0.207 M2
PER229 21:54:24.6 +54:15:52.5 2012 M4.5 II – III 0.325 0.395 0.317 M4
PER230 21:54:28.0 +53:43:51.8 2012 M4.5 II 0.3 0.178 0.258 M5
PER231 21:54:30.8 +56:04:00.3 2012 K3.0 II 0.443 0.982 0.694 M1.5
PER232 21:55:05.2 +54:29:01.5 2012 C star – – – –
PER233 21:55:07.9 +52:04:10.6 2012 M7.0 II – III 0.315 0.0 0.051 M6.5
PER234 21:55:23.2 +53:34:57.2 2012 M1.0 Ib 0.858 1.0 1.0 –
PER235 21:55:40.0 +53:58:03.0 2011 K4.0 Iab – Ib 0.873 1.0 1.0 M1.5
PER236 21:55:43.0 +52:31:09.0 2011 M5.0 Ib 0.299 0.289 0.33 M5
PER237 21:55:49.0 +54:00:05.4 2012 M7.5 III 0.185 0.0 0.003 M7
PER238 21:55:54.7 +53:59:04.7 2012 K4.0 Ib 0.683 1.0 0.997 M1.5
PER239 21:56:09.8 +59:30:33.1 2012 M3.5 II 0.443 0.649 0.371 M4
PER240 21:56:27.7 +53:46:19.4 2012 M4.5 Ib 0.405 0.081 0.037 M4.5
PER241 21:57:04.2 +59:06:17.7 2012 M5.0 Ib – II 0.426 0.01 0.145 M6
PER242 21:57:50.2 +54:53:58.9 2012 C star – – – ¿M10
PER243 21:57:52.9 +52:52:39.4 2012 M5.5 Ib 0.431 0.007 0.093 M6.5
PER244 21:58:15.9 +55:07:05.2 2012 M1.0 Ib – II 0.656 1.0 0.929 M2
PER245 21:58:50.2 +52:00:58.8 2012 M5.5 III 0.319 0.002 0.085 M6
PER246 21:59:28.3 +56:14:17.8 2012 M2.0 II 0.605 0.996 0.723 M2
PER247 21:59:40.7 +53:10:29.2 2012 M4.5 II 0.485 0.378 0.345 M4.5
PER248 22:00:03.1 +61:16:25.3 2012 K2.0 Ib 0.671 1.0 1.0 M1.5
PER249 22:00:10.0 +52:54:16.0 2011 M6.0 Ib – II 0.39 0.026 0.114 M6
PER250 22:00:45.7 +54:54:47.0 2012 M2.0 Ib – II 0.447 1.0 0.664 M2
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RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER251 22:01:00.8 +51:17:20.6 2012 M0.5 Ib 0.614 1.0 0.899 M2
PER252 22:01:04.6 +54:29:16.1 2012 M6.0 III 0.316 0.011 0.12 M6
PER253 22:02:53.1 +56:50:09.9 2012 M4.0 II 0.465 0.32 0.313 M4.5
PER254 22:02:55.7 +54:14:00.5 2012 M3.0 II 0.521 0.971 0.572 M3.5
PER255 22:03:04.9 +51:39:29.4 2012 M5.5 III 0.268 0.001 0.083 M6
PER256 22:03:12.1 +55:06:56.8 2012 M8.0 III 0.13 0.0 0.016 M7
PER257 22:05:09.0 +63:04:48.2 2012 M5.5 III 0.455 0.025 0.142 M6
PER258 22:05:28.4 +62:30:10.3 2012 M7.0 III 0.189 0.0 0.04 –
PER259 22:05:32.6 +63:02:37.9 2012 M5.0 III 0.29 0.175 0.153 M4.5
PER260 22:05:37.9 +53:55:59.9 2012 M7.0 Iab 0.373 0.001 0.04 –
PER261 22:05:48.5 +58:45:40.0 2012 M0.5 II 0.585 0.998 0.143 M1.5
PER262 22:05:49.5 +53:37:44.3 2012 M5.0 III 0.459 0.156 0.189 M4.5
PER263 22:06:10.7 +51:49:35.1 2012 M4.0 II 0.342 0.675 0.323 M3.5
PER264 22:06:17.0 +55:00:17.4 2012 M7.0 II – III 0.404 0.0 0.024 M6.5
PER265 22:06:17.1 +52:59:16.3 2012 M7.5 Ib – II 0.258 0.0 0.015 M6.5
PER266 22:06:20.9 +55:53:33.7 2012 K3.0 Ib 0.567 1.0 1.0 M1.5
PER267 22:06:21.0 +59:39:38.1 2012 M2.0 Iab 0.852 1.0 1.0 M2.5
PER268 22:06:36.5 +55:29:55.9 2012 M3.0 Ib – II 0.589 1.0 0.724 M2.5
PER269 22:06:37.7 +59:41:20.2 2012 M4.0 Ib 0.782 0.636 0.786 M4.5
PER270 22:07:03.7 +57:22:58.0 2012 M4.0 III 0.318 0.703 0.249 M3
PER271 22:07:30.0 +53:04:02.3 2012 M3.0 II 0.445 0.998 0.358 M3
PER272 22:08:12.0 +56:30:47.0 2011 M6.0 II 0.301 0.0 0.049 M6.5
PER273 22:08:12.7 +55:55:03.7 2012 M3.0 II 0.529 0.956 0.393 M2.5
PER274 22:08:38.4 +59:33:01.3 2012 M1.0 Ia 0.885 1.0 1.0 M2.5
PER275 22:08:41.9 +51:45:14.1 2012 M6.0 III 0.327 0.001 0.038 M6
PER276 22:08:42.3 +53:26:04.9 2012 M7.0 II – III 0.231 0.0 0.009 M6.5
PER277 22:09:33.2 +60:53:54.2 2012 M4.0 II 0.4 0.25 0.195 M4.5
PER278 22:09:37.0 +52:09:49.0 2012 M5.0 III 0.37 0.031 0.08 –
PER279 22:09:43.7 +51:26:13.9 2012 M4.0 II 0.332 0.558 0.127 K3.5
PER280 22:09:49.0 +52:05:06.7 2012 M5.0 III 0.274 0.022 0.047 M5.5
PER281 22:10:20.0 +56:11:49.0 2011 M1.5 Ib 0.77 1.0 1.0 M2.5
PER282 22:10:22.0 +56:28:54.0 2011 M8.0 III 0.078 0.0 0.0 M6.5
PER283 22:11:00.5 +55:05:33.2 2012 M1.0 Ib 0.673 1.0 1.0 M2
PER284 22:11:11.0 +55:16:54.0 2011 M8.0 III 0.022 0.0 0.0 M6.5
PER285 22:11:25.0 +56:34:34.0 2011 M2.0 Ib 0.739 1.0 1.0 M2
PER286 22:11:35.6 +55:16:04.4 2012 M2.0 Ib 0.782 1.0 0.999 M2.5
PER287 22:12:33.0 +57:17:03.0 2011 M2.0 Iab 0.848 1.0 1.0 M2
PER288 22:12:53.8 +54:12:29.6 2012 M3.5 III 0.263 0.672 0.263 M4
PER289 22:13:00.0 +57:34:59.0 2011 M4.0 Ib 0.294 0.652 0.232 M3.5
PER290 22:13:09.2 +54:37:15.7 2012 M6.5 III 0.24 0.0 0.095 –
PER291 22:13:41.6 +54:19:35.4 2012 M2.0 III 0.545 0.796 0.215 M2.5
PER292 22:13:45.7 +52:19:21.4 2012 M3.0 Ib – II 0.453 0.978 0.393 –
PER293 22:13:53.8 +55:22:01.2 2012 M1.0 Iab 0.618 1.0 0.919 M3
PER294 22:14:05.8 +55:04:28.2 2012 M4.5 II 0.364 0.283 0.269 –
PER295 22:14:15.4 +59:22:00.8 2012 M4.0 II – III 0.284 0.19 0.283 M4
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RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER296 22:14:29.4 +55:50:14.8 2012 M1.0 Ib 0.579 1.0 1.0 –
PER297 22:14:33.9 +55:13:51.7 2012 M4.0 II 0.348 0.346 0.235 M4.5
PER298 22:14:43.2 +56:20:22.4 2012 M2.0 Ib – II 0.479 0.997 0.589 M2.5
PER299 22:15:17.6 +54:11:52.3 2012 M6.0 III 0.314 0.001 0.089 M6
PER300 22:15:42.0 +57:53:06.0 2011 M0.0 Iab 0.812 1.0 1.0 M2
PER301 22:16:08.0 +52:29:47.4 2012 K2.0 Ib 0.357 0.944 0.244 K3.5
PER302 22:16:20.9 +53:34:32.9 2012 M8.0 III 0.188 0.0 0.001 M6.5
PER303 22:16:24.5 +57:23:59.5 2012 K4.0 Iab – Ib 0.792 1.0 1.0 M1.5
PER304 22:16:25.4 +54:01:18.4 2012 C star – – – M3
PER305 22:16:55.4 +50:05:23.0 2012 M5.0 Ib – II 0.433 0.026 0.15 K3.5
PER306 22:17:16.5 +56:47:15.4 2012 M4.0 II – III 0.396 0.671 0.268 M4
PER307 22:18:31.1 +58:39:40.9 2012 M1.5 II 0.49 0.998 0.623 K3.5
PER308 22:19:27.6 +51:09:43.9 2012 M5.0 III 0.397 0.006 0.103 M5
PER309 22:19:40.6 +53:09:45.9 2012 M2.0 II 0.378 0.971 0.212 M2
PER310 22:19:41.3 +50:33:20.0 2012 M5.0 Ib 0.383 0.062 0.198 M5.5
PER311 22:19:45.7 +54:42:16.3 2012 M7.0 II 0.289 0.002 0.062 K2.5
PER312 22:19:55.5 +53:39:45.2 2012 M5.5 III 0.362 0.067 0.143 M5.5
PER313 22:19:56.5 +50:39:18.2 2012 M3.0 II 0.269 1.0 0.563 –
PER314 22:20:10.8 +56:02:24.2 2012 M3.5 Ib 0.786 1.0 0.987 M4
PER315 22:20:22.0 +54:15:09.6 2012 M7.5 II – III 0.225 0.0 0.003 M7
PER316 22:20:37.7 +55:42:59.0 2012 M4.0 III 0.432 0.463 0.173 M4
PER317 22:20:49.0 +52:50:49.6 2012 M8.0 II – III 0.218 0.0 0.013 M7
PER318 22:21:08.8 +54:27:06.4 2012 M4.0 II – III 0.353 0.778 0.365 M3.5
PER319 22:21:11.3 +51:19:54.2 2012 M8.0 II 0.155 0.0 0.001 M7
PER320 22:21:29.1 +60:43:11.6 2012 C star – – – M3.5
PER321 22:21:59.0 +55:18:03.0 2011 M6.0 Ib 0.352 0.0 0.018 M6.5
PER322 22:22:26.9 +57:11:32.2 2012 M10.0 III 0.081 0.0 0.0 M5.5
PER323 22:22:30.1 +55:10:55.4 2012 M5.0 III 0.305 0.188 0.255 M4.5
PER324 22:22:34.0 +57:15:04.0 2011 M2.0 Iab 0.808 1.0 1.0 M2.5
PER325 22:23:13.6 +56:08:53.3 2012 M4.0 Iab 0.581 0.944 0.411 M4.5
PER326 22:23:34.1 +57:39:03.0 2012 M4.0 II 0.363 0.709 0.19 M4
PER327 22:23:54.4 +58:14:28.6 2012 K3.0 Ib 0.72 1.0 0.999 M1.5
PER328 22:24:06.0 +57:33:37.8 2012 M7.0 Iab 0.366 0.004 0.073 M6.5
PER329 22:24:56.5 +58:39:03.8 2012 M2.0 Iab 0.774 1.0 1.0 M3
PER330 22:25:04.8 +58:36:13.2 2012 M3.0 Ib 0.642 1.0 0.966 M2.5
PER331 22:25:15.8 +57:10:15.3 2012 K5.0 Ib 0.736 1.0 1.0 M1.5
PER332 22:25:34.9 +54:38:50.3 2012 M3.5 II 0.423 0.873 0.254 K3.5
PER333 22:25:55.6 +56:38:52.5 2012 M0.0 Iab 0.764 1.0 1.0 M1.5
PER334 22:26:28.5 +58:15:41.0 2012 M3.0 II 0.4 0.963 0.079 M3
PER335 22:26:28.8 +58:42:27.8 2012 M5.0 III 0.431 0.07 0.174 –
PER336 22:26:40.0 +58:31:34.0 2011 M7.0 III 0.187 0.002 0.147 M6.5
PER337 22:26:52.7 +60:09:54.4 2012 K3.0 Ib 0.687 1.0 0.999 M1.5
PER338 22:27:05.3 +53:29:22.0 2012 M2.0 Ib 0.661 1.0 0.965 M2.5
PER339 22:27:22.6 +57:15:59.0 2012 M9.0 III 0.069 0.0 0.0 M7
PER340 22:27:29.4 +59:26:01.7 2012 M1.0 Iab 0.899 1.0 1.0 M2
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RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER341 22:27:55.9 +52:49:15.6 2012 M2.0 III 0.474 0.948 0.229 K3
PER342 22:28:13.4 +57:42:44.2 2012 M3.0 Ib 0.486 0.997 0.56 M3
PER343 22:28:17.4 +59:14:04.1 2012 M3.0 Iab 0.913 1.0 1.0 M3
PER344 22:28:53.6 +58:01:07.3 2012 M4.5 II 0.387 0.184 0.193 –
PER345 22:29:11.2 +57:12:46.7 2012 M1.0 Ib – II 0.56 1.0 0.905 –
PER346 22:29:26.7 +59:06:24.4 2012 M5.0 III 0.334 0.051 0.285 M5.5
PER347 22:29:37.8 +59:30:15.6 2012 M2.0 Iab 0.899 1.0 1.0 M2.5
PER348 22:29:54.1 +56:27:25.5 2012 M4.0 II 0.334 0.172 0.209 M4
PER349 22:30:02.4 +57:03:12.8 2012 M4.5 II 0.424 0.311 0.375 K5.5
PER350 22:30:27.3 +57:21:51.0 2012 M2.0 Ib 0.671 1.0 0.941 M3
PER351 22:30:41.7 +54:53:51.5 2012 M2.0 Ib – II 0.563 1.0 0.864 M2
PER352 22:31:28.9 +64:41:50.6 2012 M3.0 II 0.478 0.999 0.531 M2.5
PER353 22:31:41.0 +59:00:43.6 2012 M4.0 II 0.413 0.261 0.221 M3.5
PER354 22:31:50.1 +56:59:48.9 2012 M6.0 II 0.286 0.002 0.026 M6
PER355 22:32:25.5 +59:32:58.4 2012 C star – – – –
PER356 22:32:26.8 +58:37:05.8 2012 C star – – – –
PER357 22:32:31.0 +59:36:23.4 2012 M3.0 Iab 0.906 1.0 1.0 M3
PER358 22:33:00.0 +57:38:04.3 2012 M2.0 Ib – II 0.376 1.0 0.745 K4
PER359 22:33:01.2 +55:16:14.9 2012 M3.0 III 0.354 0.674 0.194 –
PER360 22:33:05.0 +58:28:42.0 2011 K1.0 Ib 0.596 1.0 0.959 M1.5
PER361 22:33:23.8 +55:27:41.0 2012 M4.0 II 0.489 0.891 0.423 M4.5
PER362 22:33:34.6 +58:53:47.0 2012 M3.5 Ib 0.825 1.0 1.0 –
PER363 22:33:46.0 +58:16:59.3 2012 M7.5 II – III 0.234 0.0 0.0 M6.5
PER364 22:33:49.3 +57:29:48.8 2012 M3.0 III 0.29 0.301 0.204 M3
PER365 22:34:09.3 +58:59:26.1 2012 K5.0 Iab 0.853 1.0 1.0 M2
PER366 22:34:10.4 +56:59:27.4 2012 M5.0 II 0.286 0.003 0.056 –
PER367 22:34:58.0 +55:55:53.0 2011 M6.0 Ib – II 0.416 0.003 0.113 M6
PER368 22:35:15.3 +58:17:13.3 2012 M1.0 II 0.588 0.99 0.272 K3
PER369 22:35:29.7 +56:19:56.5 2012 S star 0.62 1.0 0.287 K2.5
PER370 22:35:40.5 +55:29:25.1 2012 M5.0 II – III 0.529 0.255 0.224 M5
PER371 22:35:54.4 +58:39:28.6 2012 M5.0 II – III 0.346 0.202 0.083 M5
PER372 22:36:13.0 +52:59:04.1 2012 M9.0 III 0.029 0.0 0.008 M7
PER373 22:36:51.8 +52:37:05.0 2012 M9.0 III 0.025 0.0 0.0 M6.5
PER374 22:37:35.9 +61:16:09.1 2012 M5.0 Ib 0.579 0.002 0.104 M5.5
PER375 22:37:44.2 +60:22:22.5 2012 M2.0 Iab 0.877 1.0 1.0 M0.5
PER376 22:38:04.4 +55:36:27.2 2012 M0.5 Ib – II 0.558 1.0 0.969 M2
PER377 22:38:24.7 +58:28:54.8 2012 C star – – – ¿M10
PER378 22:38:51.3 +56:26:58.2 2012 M0.5 Ib 0.688 1.0 1.0 M1.5
PER379 22:38:51.8 +54:21:07.7 2012 M6.0 III 0.26 0.0 0.004 M6.5
PER380 22:39:20.6 +60:10:28.8 2012 M5.0 III 0.309 0.092 0.125 K3
PER381 22:39:42.9 +55:30:38.6 2012 M2.0 II 0.617 1.0 0.763 M2.5
PER382 22:39:45.3 +57:36:52.8 2012 M5.0 III 0.278 0.111 0.18 M5.5
PER383 22:39:58.5 +57:20:19.1 2012 M1.0 II 0.2 0.0 0.0 M7
PER384 22:40:10.8 +59:57:18.1 2012 M7.5 III 0.546 0.29 0.562 M2
PER385 22:40:12.1 +59:24:55.6 2012 M7.5 III 0.276 0.0 0.02 M7
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RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER386 22:41:00.0 +58:44:20.1 2012 M6.0 III 0.314 0.0 0.02 M5.5
PER387 22:41:11.7 +59:27:59.0 2012 K2.0 Ib 0.73 1.0 0.994 M1.5
PER388 22:41:27.0 +56:39:09.0 2011 M8.0 III 0.052 0.0 0.02 G6
PER389 22:42:02.8 +58:04:05.4 2012 M3.5 II 0.471 0.933 0.442 M3.5
PER390 22:42:20.0 +56:47:52.0 2011 M2.0 Iab – Ib 0.862 1.0 1.0 M2.5
PER391 22:43:03.7 +59:44:03.4 2012 M0.0 II 0.469 1.0 0.32 M1.5
PER392 22:43:14.0 +59:45:09.0 2011 M5.0 Ib 0.864 0.937 0.904 –
PER393 22:44:09.7 +54:58:18.9 2012 M7.0 Iab 0.312 0.0 0.006 M6.5
PER394 22:45:04.2 +56:37:18.6 2012 C star – – – –
PER395 22:45:23.4 +55:27:27.5 2012 M3.0 II 0.484 1.0 0.681 –
PER396 22:45:32.3 +55:12:47.9 2012 M9.0 III 0.09 0.0 0.0 G8
PER397 22:45:44.3 +58:57:02.6 2012 M5.0 III 0.389 0.012 0.059 M5.5
PER398 22:45:46.9 +60:35:20.4 2012 K5.0 Ib 0.766 1.0 1.0 M1.5
PER399 22:47:26.6 +58:18:31.6 2012 M0.0 II – III 0.589 1.0 0.09 M1.5
PER400 22:47:46.1 +55:18:13.0 2012 C star – – – M2
PER401 22:48:58.1 +55:38:57.0 2012 M1.0 Ib – II 0.539 1.0 0.9 –
PER402 22:49:03.6 +58:52:04.0 2012 M4.0 Ib 0.533 0.807 0.386 M4.5
PER403 22:49:10.4 +59:18:12.9 2012 M2.0 Iab 0.865 1.0 0.997 M3.5
PER404 22:49:33.1 +58:58:09.6 2012 M2.0 II 0.545 0.987 0.695 M2.5
PER405 22:49:38.9 +57:33:31.7 2012 M4.0 II 0.415 0.762 0.485 M4
PER406 22:49:59.0 +60:17:57.0 2011 K2.0 Ia 0.846 1.0 1.0 M2
PER407 22:50:06.9 +57:31:37.6 2012 C star – – – –
PER408 22:50:08.3 +55:36:48.6 2012 M7.0 Iab 0.336 0.002 0.103 M6.5
PER409 22:50:22.9 +57:29:08.6 2012 K3.0 Ib 0.675 1.0 1.0 –
PER410 22:50:50.9 +53:21:14.8 2012 M4.5 II – III 0.297 0.248 0.239 M4.5
PER411 22:50:53.1 +61:45:57.8 2012 M4.0 Ib 0.792 0.98 0.938 M4
PER412 22:51:02.1 +55:45:19.9 2012 M0.0 Ib – II 0.594 1.0 0.987 –
PER413 22:51:04.1 +57:57:37.0 2012 M3.5 II 0.418 0.72 0.37 M3
PER414 22:51:17.9 +57:25:58.4 2012 M1.5 II 0.465 0.999 0.766 M2.5
PER415 22:51:29.7 +52:23:52.1 2012 M0.5 II 0.466 1.0 0.633 M2
PER416 22:51:34.5 +58:00:10.3 2012 M3.5 II 0.289 0.436 0.234 M3.5
PER417 22:51:59.1 +56:55:44.2 2012 M2.0 II 0.419 1.0 0.724 M2.5
PER418 22:51:59.3 +63:22:56.1 2012 M2.0 II 0.43 0.975 0.639 M2.5
PER419 22:53:12.3 +61:17:00.3 2012 M3.0 Ib 0.837 1.0 1.0 M3
PER420 22:53:18.1 +58:58:33.7 2012 K2.0 Ib 0.694 1.0 1.0 M1.5
PER421 22:54:01.2 +60:47:41.7 2012 M1.5 Iab 0.792 1.0 0.999 M2.5
PER422 22:54:16.0 +60:49:28.9 2012 M3.0 Iab – Ib 0.77 1.0 0.987 –
PER423 22:54:30.4 +60:47:50.5 2012 M0.5 Ib 0.81 1.0 1.0 –
PER424 22:54:31.2 +57:25:58.2 2012 M7.0 Ib – II 0.267 0.0 0.066 M6.5
PER425 22:54:45.1 +60:46:42.2 2012 C star – – – M1.5
PER426 22:55:38.6 +55:50:43.9 2012 M3.5 II – III 0.296 0.391 0.377 –
PER427 22:56:07.3 +54:13:45.5 2012 C star – – – M2.5
PER428 22:56:36.8 +61:31:08.1 2012 M4.0 Iab 0.69 0.97 0.82 M4
PER429 22:57:00.3 +57:39:59.6 2012 M7.5 III 0.183 0.0 0.094 M6.5
PER430 22:57:04.9 +57:40:43.6 2012 K3.0 Ib 0.736 1.0 1.0 M1.5
C.1. PERSEUS ARM 197
Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER431 22:57:16.3 +58:17:16.8 2012 M0.0 II 0.526 0.992 0.972 M2
PER432 22:57:20.2 +56:22:04.2 2012 C star – – – –
PER433 22:57:40.9 +58:49:12.7 2012 M2.0 II – III 0.433 0.0 0.489 M3.5
PER434 22:58:16.0 +56:58:33.0 2011 M5.0 Ib – II 0.341 0.147 0.27 M5
PER435 22:59:50.9 +66:21:19.2 2012 M4.0 II 0.339 0.162 0.262 M5
PER436 23:00:17.4 +56:08:49.3 2012 M9.0 III 0.121 0.0 0.004 M7
PER437 23:01:03.2 +56:53:33.2 2012 M0.5 Ib – II 0.493 1.0 0.976 K3.5
PER438 23:01:04.2 +56:58:30.1 2012 M3.0 Ib – II 0.433 0.853 0.534 –
PER439 23:01:07.0 +61:02:52.0 2011 M2.0 Iab 0.8 1.0 1.0 M2.5
PER440 23:02:24.0 +58:14:12.4 2012 K2.0 Ib 0.589 1.0 0.998 M1.5
PER441 23:02:59.5 +64:12:44.3 2012 M1.5 Ib – II 0.483 0.985 0.401 K3
PER442 23:04:31.7 +64:08:44.3 2012 M2.0 Ib 0.84 1.0 1.0 M2.5
PER443 23:04:38.3 +58:34:41.4 2012 M7.0 Iab 0.294 0.0 0.004 M6.5
PER444 23:04:49.6 +56:32:57.6 2012 M7.5 II 0.269 0.0 0.04 M7
PER445 23:06:07.2 +59:25:05.1 2012 M2.0 Ib – II 0.439 1.0 0.547 K4
PER446 23:06:27.2 +60:53:05.6 2012 M1.0 Iab 0.802 1.0 1.0 M2
PER447 23:06:54.8 +60:33:26.0 2012 M0.5 Iab 0.901 1.0 1.0 M2
PER448 23:06:56.4 +60:54:16.4 2012 M3.0 II 0.429 0.967 0.404 M3
PER449 23:08:04.7 +55:42:56.6 2012 M5.5 III 0.402 0.006 0.05 K2.5
PER450 23:08:39.8 +58:18:09.9 2012 M7.0 Ib – II 0.327 0.001 0.053 M7
PER451 23:10:43.5 +64:28:52.3 2012 M5.0 III 0.349 0.076 0.169 –
PER452 23:10:47.7 +64:32:46.5 2012 M4.0 Ib 0.421 0.52 0.177 M3.5
PER453 23:11:06.0 +57:16:17.8 2012 M5.0 III 0.38 0.017 0.061 M6
PER454 23:12:22.5 +57:04:44.2 2012 M4.0 II 0.361 0.684 0.281 M4.5
PER455 23:12:30.3 +59:58:22.5 2012 M5.0 Ib 0.474 0.079 0.153 M6
PER456 23:12:42.7 +63:56:10.0 2012 M6.0 III 0.264 0.006 0.099 M6.5
PER457 23:12:56.1 +59:08:13.5 2012 M7.5 III 0.268 0.001 0.091 M6.5
PER458 23:13:13.3 +56:36:12.4 2012 M8.0 II 0.178 0.0 0.0 M7
PER459 23:13:25.8 +59:36:36.0 2012 M0.0 Ib 0.772 1.0 1.0 M1.5
PER460 23:14:37.7 +60:55:16.8 2012 M1.5 Iab 0.866 1.0 1.0 –
PER461 23:14:42.6 +64:40:05.2 2012 M8.0 III 0.174 0.0 0.043 M7
PER462 23:15:03.6 +59:31:13.7 2012 M1.5 Iab 0.802 1.0 1.0 M2
PER463 23:15:26.1 +57:27:05.0 2012 M7.5 II 0.128 0.0 0.211 M6
PER464 23:16:02.0 +62:21:19.0 2011 M5.0 Ib 0.865 0.998 1.0 –
PER465 23:16:04.5 +57:01:56.9 2012 M4.0 II 0.346 0.038 0.212 M6
PER466 23:16:29.2 +60:57:45.2 2012 M3.0 Iab 0.854 1.0 1.0 M1
PER467 23:16:47.3 +59:12:31.4 2012 M3.0 Ib 0.364 0.989 0.514 –
PER468 23:17:29.1 +58:40:57.9 2012 M1.0 Iab – Ib 0.754 1.0 0.998 M2
PER469 23:17:58.4 +62:24:20.4 2012 M4.0 II 0.322 0.84 0.498 M4
PER470 23:18:19.2 +60:16:22.0 2012 M1.0 Iab – Ib 0.77 1.0 1.0 M2
PER471 23:18:30.4 +58:33:10.8 2012 M1.0 Ia 0.866 1.0 1.0 –
PER472 23:18:39.5 +61:53:13.9 2012 K3.0 Ib 0.658 1.0 1.0 M1.5
PER473 23:18:47.9 +58:07:41.3 2012 M8.0 III 0.231 0.0 0.029 –
PER474 23:19:26.7 +58:02:24.2 2012 M8.0 III 0.568 0.106 0.494 M4
PER475 23:19:52.4 +60:47:40.5 2012 M5.0 III 0.481 0.105 0.223 M5.5
198 APPENDIX C. GALACTIC SAMPLES STUDIED
Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER476 23:22:30.7 +59:18:26.0 2012 M1.0 Ia 0.895 1.0 1.0 M2
PER477 23:23:28.1 +56:10:01.0 2012 C star – – – –
PER478 23:23:39.8 +60:20:00.6 2012 M1.5 Iab 0.8 1.0 1.0 K5.5
PER479 23:23:58.4 +55:39:28.6 2012 S star 0.528 0.997 0.294 M3
PER480 23:24:30.0 +62:14:48.0 2011 M6.0 Ib – II 0.295 0.012 0.081 –
PER481 23:24:44.8 +61:20:38.4 2012 K3.0 Ib 0.639 1.0 0.999 M1.5
PER482 23:24:57.2 +62:18:50.8 2012 M4.0 II 0.376 0.239 0.326 M5
PER483 23:25:09.0 +61:22:01.0 2011 M0.5 Iab 0.791 1.0 1.0 M2
PER484 23:25:33.0 +57:49:43.5 2012 M3.0 Ib – II 0.435 0.929 0.404 M3
PER485 23:26:43.5 +60:23:08.9 2012 M0.0 Iab 0.766 1.0 1.0 M1.5
PER486 23:27:38.9 +61:17:27.7 2012 M4.0 II – III 0.373 0.904 0.339 M4
PER487 23:27:51.4 +62:45:37.3 2012 M7.5 III 0.192 0.0 0.002 M7
PER488 23:28:17.8 +57:28:56.9 2012 C star – – – M2
PER489 23:29:13.1 +56:39:33.1 2012 M7.0 Iab 0.349 0.0 0.009 M6.5
PER490 23:29:29.9 +58:57:11.5 2012 M5.0 II 0.374 0.02 0.101 M5.5
PER491 23:30:11.0 +60:16:45.0 2011 M5.0 Ib 0.764 0.626 0.458 M5
PER492 23:30:44.1 +60:15:20.5 2012 M4.0 Ib 0.872 0.974 0.878 M4
PER493 23:30:53.0 +62:07:22.0 2011 M0.0 Iab 0.812 1.0 1.0 –
PER494 23:32:03.1 +59:23:15.1 2012 M1.0 Ib – II 0.552 1.0 0.956 –
PER495 23:32:16.4 +61:58:08.3 2012 M0.0 Iab 0.755 1.0 0.998 M1.5
PER496 23:32:20.8 +62:06:32.2 2012 C star – – – M2
PER497 23:33:46.5 +61:32:22.6 2012 M1.0 Ib – II 0.539 1.0 1.0 M2
PER498 23:34:21.0 +58:53:05.4 2012 M9.0 III 0.08 0.0 0.0 M7
PER499 23:35:02.3 +58:34:16.0 2012 M3.0 Iab 0.897 1.0 1.0 M3
PER500 23:35:27.4 +59:16:18.5 2012 M1.0 Iab – Ib 0.803 1.0 1.0 –
PER501 23:35:46.5 +61:07:47.3 2012 M2.0 II 0.485 0.91 0.265 M2
PER502 23:35:50.4 +58:44:19.0 2012 M7.0 II 0.226 0.0 0.009 M6.5
PER503 23:37:20.4 +61:50:14.4 2012 M6.0 II 0.461 0.006 0.048 M6.5
PER504 23:37:31.2 +59:42:13.5 2012 K0.0 Ib 0.715 1.0 1.0 M1.5
PER505 23:38:09.8 +56:01:46.9 2012 C star – – – –
PER506 23:38:23.7 +61:54:20.6 2012 M7.5 II – III 0.242 0.0 0.009 K0.5
PER507 23:39:19.0 +60:13:02.0 2011 M2.0 Iab 0.861 1.0 1.0 M2
PER508 23:39:35.1 +59:35:09.8 2012 C star – – – –
PER509 23:40:40.6 +65:35:00.5 2012 M3.0 II – III 0.383 0.871 0.251 M3.5
PER510 23:42:12.3 +65:39:09.1 2012 M2.0 Ib – II 0.706 1.0 0.899 M2.5
PER511 23:43:06.0 +60:02:47.0 2011 M8.0 III 0.053 0.0 0.0 M6.5
PER512 23:43:06.8 +57:52:49.9 2012 M5.0 II 0.42 0.029 0.143 M5
PER513 23:44:25.0 +59:40:08.0 2011 M7.0 III 0.2 0.0 0.002 K0.5
PER514 23:45:05.0 +60:26:51.0 2011 M4.0 II 0.422 0.987 0.56 M3.5
PER515 23:45:36.9 +62:20:56.3 2012 M3.0 Ib 0.817 1.0 1.0 M3
PER516 23:45:52.0 +56:55:58.7 2012 M5.0 III 0.374 0.024 0.168 M5.5
PER517 23:46:07.0 +60:27:54.0 2011 M6.5 II 0.339 0.064 0.159 M6
PER518 23:46:11.0 +62:40:05.0 2011 M1.0 Iab – Ib 0.826 1.0 1.0 M2
PER519 23:46:48.1 +60:05:11.6 2012 M1.0 Iab 0.784 1.0 1.0 M1.5
PER520 23:47:12.4 +58:54:13.3 2012 M7.5 II – III 0.112 0.0 0.003 M6.5
C.1. PERSEUS ARM 199
Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER521 23:47:21.0 +58:13:16.0 2011 M6.0 II 0.407 0.003 0.066 M6
PER522 23:47:25.0 +62:24:38.0 2011 M2.0 II 0.446 0.976 0.296 M2.5
PER523 23:47:41.0 +60:42:37.0 2011 M6.0 Ib 0.477 0.009 0.066 K4.5
PER524 23:47:46.0 +57:42:07.0 2011 M2.0 II 0.508 1.0 0.644 M2.5
PER525 23:48:24.0 +58:50:27.0 2011 M6.5 Ib 0.323 0.0 0.002 M6.5
PER526 23:49:19.0 +58:12:00.0 2011 M6.0 Ib 0.287 0.073 0.205 M5.5
PER527 23:49:38.2 +56:39:25.5 2012 M1.5 II 0.422 1.0 0.008 –
PER528 23:50:12.0 +61:06:16.0 2011 M3.0 Ib 0.826 1.0 1.0 M0.5
PER529 23:50:43.0 +61:52:33.0 2011 M2.0 Iab 0.832 1.0 1.0 M3
PER530 23:50:54.3 +65:38:36.9 2012 M2.0 II 0.496 1.0 0.424 M2
PER531 23:51:15.1 +56:50:40.9 2012 M3.0 II 0.484 0.957 0.149 M2.5
PER532 23:51:29.0 +62:16:34.0 2011 K3.0 Iab 0.823 1.0 1.0 M2
PER533 23:51:32.0 +57:37:40.0 2011 M7.0 III 0.173 0.0 0.008 M7
PER534 23:52:04.9 +61:48:12.4 2012 M9.5 III 0.018 0.0 0.0 M5.5
PER535 23:56:40.0 +62:11:23.0 2011 M2.0 Ib 0.805 1.0 1.0 M2
PER536 23:56:44.4 +58:49:01.2 2012 M7.5 II 0.281 0.0 0.026 M6.5
PER537 23:56:49.7 +66:05:07.9 2012 M1.0 Ib 0.742 1.0 1.0 M2
PER538 23:57:21.2 +58:25:04.0 2012 S star 0.187 0.112 0.294 M5.5
PER539 23:57:44.1 +56:56:46.1 2012 M4.5 II – III 0.386 0.012 0.075 M5
PER540 23:58:38.0 +60:53:42.0 2011 M8.0 III 0.061 0.0 0.0 M8
PER541 23:59:05.6 +56:58:15.0 2012 C star – – – –
PER542 3:00:50.60 +58:09:13.7 2012 M1.0 II 0.536 0.998 0.508 M2
PER543 3:00:50.70 +58:56:29.7 2012 M5.0 Ib – II 0.295 0.019 0.204 M6
PER544 3:03:35.20 +57:52:01.3 2012 M5.0 III 0.502 0.453 0.29 M5
PER545 3:05:10.40 +59:54:00.3 2012 M5.0 Ib 0.368 0.09 0.143 M5.5
PER546 3:06:45.00 +55:10:14.3 2012 M6.5 III 0.28 0.003 0.118 M6.5
PER547 3:08:44.40 +58:04:37.7 2012 K3.0 Ib 0.763 1.0 1.0 M1.5
PER548 3:10:40.80 +54:13:19.9 2012 M4.5 II 0.545 0.307 0.34 M5
PER549 3:11:12.20 +64:06:57.8 2012 M1.0 Iab 0.809 1.0 1.0 M2
PER550 3:15:03.00 +56:30:30.1 2012 M1.0 Ib – II 0.549 1.0 0.801 M2
PER551 3:16:30.90 +59:56:00.3 2012 M3.0 II 0.459 0.969 0.454 M2.5
PER552 3:16:40.80 +58:23:53.2 2012 C star – – – –
PER553 3:18:55.10 +54:57:32.8 2012 M7.0 II 0.26 0.001 0.063 M6.5
PER554 3:19:07.30 +50:20:12.7 2012 M3.5 II – III 0.424 0.671 0.223 M3
PER555 3:21:16.70 +54:08:28.5 2012 K2.0 Ib – II 0.668 1.0 0.999 M1.5
PER556 3:21:40.60 +52:43:33.6 2012 M6.0 III 0.244 0.019 0.072 M5.5
PER557 3:21:59.70 +51:20:29.6 2012 M4.5 II 0.402 0.23 0.173 M4
PER558 3:22:49.30 +56:01:10.6 2012 C star – – – –
PER559 3:24:13.20 +56:13:33.0 2012 M4.0 II 0.377 0.725 0.382 M3.5
PER560 3:24:38.70 +58:22:25.5 2012 M2.0 Ib 0.821 1.0 1.0 M2
PER561 3:28:01.00 +63:49:14.9 2012 M5.0 II 0.298 0.001 0.022 M5.5
PER562 3:28:08.50 +57:19:26.2 2012 M1.0 Ib 0.702 1.0 1.0 M2
PER563 3:31:22.50 +49:00:58.6 2012 M5.0 III 0.488 0.225 0.423 M5
PER564 3:31:35.10 +59:33:27.3 2012 M6.5 II 0.329 0.001 0.132 M6.5
PER565 3:32:55.80 +52:44:13.7 2012 C star – – – M3
200 APPENDIX C. GALACTIC SAMPLES STUDIED
Table C.1: continued.
RA DEC Estimated
ID J2000 J2000 Epoch Classif. PPCA PCaT PTi/Fe SpT
PER566 3:34:29.50 +51:40:36.1 2012 M6.0 III 0.287 0.0 0.044 M6
PER567 3:39:42.50 +52:08:15.0 2012 C star – – – M2
PER568 3:39:50.40 +50:16:43.7 2012 K5.0 Ib 0.744 1.0 1.0 M1.5
PER569 3:39:50.70 +51:06:30.3 2012 M3.0 Ib 0.571 1.0 0.999 M3
PER570 3:40:25.10 +60:46:51.7 2012 M6.0 III 0.336 0.001 0.14 M6
PER571 3:41:48.10 +62:38:54.2 2012 C star – – – M2.5
PER572 3:41:56.00 +53:57:10.9 2012 M4.0 Ib – II 0.437 0.23 0.367 M5.5
PER573 3:42:49.50 +60:54:08.5 2012 M7.0 II 0.304 0.0 0.04 M6.5
PER574 3:45:14.30 +55:55:42.9 2012 M0.0 Iab – Ib 0.827 1.0 1.0 M2
PER575 3:45:27.40 +52:10:59.2 2012 M3.0 II 0.416 0.959 0.708 M3
PER576 3:45:55.70 +60:11:46.6 2012 M6.0 III 0.374 0.007 0.179 M6
PER577 3:47:06.70 +53:03:53.0 2012 M2.0 Ib 0.624 0.999 0.878 M3
PER578 3:47:07.60 +52:40:41.5 2012 M3.5 Ib 0.761 1.0 0.96 M3.5
PER579 3:47:23.50 +54:40:50.0 2012 M1.0 II 0.486 1.0 0.542 M2
PER580 3:47:43.20 +60:06:32.7 2012 M4.5 II 0.285 0.0 0.151 M5
PER581 3:48:40.10 +58:17:11.9 2012 M7.0 II 0.253 0.0 0.017 M6.5
PER582 3:51:34.00 +56:15:19.0 2011 M4.5 Ib – II 0.394 0.523 0.541 M4
PER583 3:54:06.40 +60:21:00.1 2012 M1.5 Ib – II 0.506 1.0 0.985 M2
PER584 3:58:36.00 +55:41:57.0 2011 M6.5 III 0.223 0.0 0.054 M6.5
PER585 3:58:38.00 +55:14:27.0 2011 M4.5 Ib – II 0.52 0.155 0.13 M4
PER586 4:03:44.00 +56:34:47.0 2011 M4.0 III 0.461 0.743 0.309 M3.5
PER587 4:04:21.00 +55:04:20.7 2012 M2.0 Iab 0.855 1.0 1.0 M2.5
PER588 4:04:27.80 +55:55:26.9 2012 M5.0 II 0.26 0.0 0.021 M6
PER589 4:06:41.10 +58:40:53.2 2012 M4.5 II – III 0.344 0.009 0.203 M5.5
PER590 4:07:11.60 +55:12:33.3 2012 K4.0 Ib 0.741 1.0 1.0 M1.5
PER591 4:07:45.40 +60:12:58.5 2012 M5.0 III 0.442 0.297 0.307 M4.5
PER592 4:10:28.60 +57:51:04.8 2012 M3.0 II 0.396 0.989 0.502 M2.5
PER593 4:11:26.00 +57:22:29.0 2011 M3.5 II 0.312 0.807 0.687 M3
PER594 4:16:54.30 +57:14:28.0 2012 M0.5 Ib – II 0.535 1.0 0.991 M2
C.2 Scutum-Crux arm
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































258 APPENDIX C. GALACTIC SAMPLES STUDIED
Table C.3: Stars from the Scutum sample that were previously known The reference indicates
the origin of the used classification.
ID RA J2000 DEC J2000 Reference ID Classification Reference
SCT0700 18:39:00.350 -05:29:14.41 18390034–0529144 K4 Ib – II Negueruela et al. (2012)
SCT0703 18:39:02.380 -06:05:10.60 Ste2 D1 M6-M7 I Negueruela et al. (2013)
SCT0712 18:39:07.020 -06:05:04.36 Ste2 D39 M1 I Negueruela et al. (2012)
SCT0714 18:39:07.770 -06:03:20.34 Ste2 D9 M3.5 I Negueruela et al. (2013)
SCT0716 18:39:08.050 -06:05:24.41 Ste2 D5 M5 I Negueruela et al. (2013)
SCT0721 18:39:09.270 -06:01:06.93 Ste2 D31 M1 I Davies et al. (2007)
SCT0723 18:39:09.980 -05:29:48.27 18390997–0529482 M4 Ib – II Negueruela et al. (2012)
SCT0735 18:39:14.700 -06:01:36.61 Ste2 D10 M5 I Davies et al. (2007)
SCT0737 18:39:15.050 -06:05:19.11 Ste2 D17 K3 I Davies et al. (2007)
SCT0740 18:39:15.790 -06:02:05.48 Ste2 D21 M2 I Davies et al. (2007)
SCT0743 18:39:16.360 -06:03:15.00 Ste2 D28 G5 Iab Negueruela et al. (2012)
SCT0747 18:39:17.750 -06:04:02.54 Ste2 D13 M4 I Davies et al. (2007)
SCT0748 18:39:18.260 -06:02:14.30 Ste2 D11 M3.5 Iab Negueruela et al. (2011)
SCT0749 18:39:18.390 -06:00:38.39 Ste2 D6 M3.5 Iab Negueruela et al. (2012)
SCT0754 18:39:19.520 -05:59:19.44 Ste2 D19 M1 Iab Negueruela et al. (2012)
SCT0755 18:39:19.620 -06:00:40.83 Ste2 D2 M7.5 I Negueruela et al. (2012)
SCT0756 18:39:19.900 -06:01:48.13 Ste2 D8 K5 I Davies et al. (2007)
SCT0758 18:39:20.370 -06:01:42.61 Ste2 D14 M3 I Davies et al. (2007)
SCT0764 18:39:22.200 -06:02:14.67 Ste2 D29 M0 I Negueruela et al. (2011)
SCT0765 18:39:22.420 -06:01:50.09 Ste2 D15 M1.5 Iab Negueruela et al. (2012)
SCT0766 18:39:22.540 -06:00:08.42 Ste2 D18 M0.5 Iab Negueruela et al. (2012)
SCT0767 18:39:23.380 -05:59:01.26 Ste2 D30 M1 I Davies et al. (2007)
SCT0770 18:39:23.980 -06:03:07.29 Ste2 D16 M1 Iab Negueruela et al. (2011)
SCT0771 18:39:24.110 -06:00:22.82 Ste2 D20 M1.5 Iab Negueruela et al. (2011)
SCT0774 18:39:24.610 -06:02:13.80 Ste2 D3 M5 I Negueruela et al. (2011)
SCT0796 18:39:30.780 -05:51:10.39 18393077–0551103 M1 Iab Negueruela et al. (2012)
SCT0808 18:39:35.080 -05:59:15.82 Ste2 D26 M3 I Davies et al. (2007)
SCT0812 18:39:35.440 -05:48:18.69 18393544–0548186 K7 Iab Negueruela et al. (2012)
SCT0821 18:39:37.750 -05:56:18.31 18393774–0556183 M0 Ia Negueruela et al. (2012)
SCT0833 18:39:40.250 -05:53:49.28 18394024–0553492 M0 Iab – Ib Negueruela et al. (2012)
SCT0838 18:39:41.490 -05:35:11.32 18394148–0535113 M1 Ib Negueruela et al. (2012)
SCT0854 18:39:45.620 -05:44:05.78 18394562–0544057 M4.5 Ib Negueruela et al. (2012)
SCT0855 18:39:46.350 -05:59:47.38 18394635–0559473 M4.5 Ib Negueruela et al. (2012)
SCT0873 18:39:52.340 -05:37:25.94 18395234–0537259 M2 Iab Negueruela et al. (2012)
SCT0884 18:39:56.870 -06:03:48.21 18395686–0603482 G8 Ib Negueruela et al. (2012)
SCT0892 18:39:58.620 -05:49:55.00 18395861–0549549 G5 Ia Negueruela et al. (2012)
SCT0909 18:40:04.390 -05:55:44.34 18400438–0555443 M6-M7 I Negueruela et al. (2012)
SCT0910 18:40:04.550 -05:27:04.60 18400454–0527045 M1.5 Ia Negueruela et al. (2012)
SCT0991 18:40:22.250 -05:16:02.42 18402225–0516024 M2 Ia Negueruela et al. (2012)
SCT1079 18:40:49.350 -05:49:52.41 18404934–0549524 M1.5 Ia Negueruela et al. (2012)
SCT1080 18:40:49.560 -05:21:54.35 18404955–0521543 M2 Iab Negueruela et al. (2012)
SCT1089 18:40:51.650 -05:26:52.25 18405164–0526522 M2 Ia Negueruela et al. (2012)
SCT1095 18:40:53.520 -05:17:48.86 18405351–0517488 K7 Ib Negueruela et al. (2012)
SCT1096 18:40:53.610 -05:25:00.47 18405360–0525004 M3 Iab Negueruela et al. (2012)
SCT1199 18:41:23.120 -05:37:34.40 18412311–0537343 M3.5 Ib Negueruela et al. (2012)
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Table C.3: continued.
ID RA J2000 DEC J2000 Reference ID Classification Reference
SCT1201 18:41:23.830 -05:26:07.36 18412383–0526073 M0 Iab Negueruela et al. (2012)
SCT1232 18:41:35.480 -05:42:32.68 18413548–0542326 M3.5 Iab Negueruela et al. (2012)
SCT1252 18:41:41.430 -05:31:37.80 18414143–0531378 K3 Ia – Iab Negueruela et al. (2012)
SCT1305 18:42:07.930 -05:32:45.07 18420792–0532450 M0 Iab Negueruela et al. (2012)
SCT1454 18:43:18.880 -05:06:43.03 18431888–0506430 K4 Iab Negueruela et al. (2012)
SCT1472 18:43:35.570 -05:25:07.55 18433557–0525075 M0.5 Iab Negueruela et al. (2012)
SCT1489 18:43:55.970 -04:40:48.44 18435596–0440484 M0 Iab Negueruela et al. (2012)
SCT1497 18:44:00.760 -04:34:47.45 18440076–0434474 M1.5 Ib Negueruela et al. (2012)
SCT1524 18:44:27.960 -03:29:42.58 F1S07 M4 Iab Negueruela et al. (2011)
SCT1526 18:44:29.460 -03:30:02.44 F1S06 M2 Iab Negueruela et al. (2011)
SCT1543 18:44:39.420 -03:30:00.32 F1S04 M2 Iab Negueruela et al. (2011)
SCT1545 18:44:40.450 -03:14:14.24 F2S03 M1 Iab Negueruela et al. (2011)
SCT1548 18:44:42.840 -03:15:16.80 F2S04 M1.5 Iab Negueruela et al. (2011)
SCT1552 18:44:46.860 -03:31:07.45 F1S02 M1 Ia Negueruela et al. (2011)
SCT1554 18:44:48.460 -03:13:49.57 F2S01 M0 Ia Negueruela et al. (2011)
SCT1565 18:45:11.160 -03:39:34.20 Core10 M1 I Negueruela et al. (2012)
SCT1569 18:45:19.390 -03:24:48.30 S6 K5 Ia Alexander et al. (2009)
SCT1571 18:45:20.060 -03:22:47.20 S8 K5 I Clark et al. (2009)
SCT1574 18:45:23.600 -03:24:13.91 S1 M0 I Clark et al. (2009)
SCT1575 18:45:24.350 -03:22:42.11 S3 M4 Ia Clark et al. (2009)
SCT1577 18:45:28.130 -03:22:54.60 S9 M0 Ia Alexander et al. (2009)
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